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Abstract:
Arsenic, a naturally occurring metalloid, is widely spread in the environment and
is toxic to living organisms.

Its pollution, caused mostly by mining, industrial and

agricultural uses, has become a global problem.

To elucidate arsenic resistance

mechanisms evolved in diverse organisms has been an active research area which will
help combat the threatening pollutant.

This study was set to investigate some

proteins associated with arsenic metabolism and resistance.

Firstly, bioinformatics methods were used to analyze three kinds of such proteins.
Arsenic extrusion, with its major component being arsenic pump proteins, is a
common arsenic resistant pathway found in prokaryotes and eukaryotes.

Although

arsenic pump proteins are widely spread among the prokaryotic and eukaryotic
kingdoms, the distribution of these proteins in the ArsB, YqcL and MRP1 families is
different.

The widespread of these arsenic pumps among the prokaryotic and

eukaryotic kingdoms is probably due to horizontal gene transfer events.
Biomethylation is an important arsenic metabolism in living organisms.

However,

the genes responsible for arsenic methyltransferases, the key enzymes involved in this
process, have only been identified in human, rat and Halobacterium.

Based on the

available literature and the limited sequence information on arsenic
methyltransferases, the major features of arsenic methyltransferases are that they are
SAM-dependent methyltransferases with an arsenite binding site (two close cysteines
separated within five other amino acids).

Utilizing these features, three potential

arsenic methyltransferases (accession numbers: NP_001031256, NP_565170 and
NP_181637) from Arabidopsis thaliana and one potential arsenic methyltransferase
YafS protein (accession number: BAA77884) from E. coli were identified through
bioinformatics prediction.

Bioinformatics approaches were also used to predict the
XII

function of ORF2 protein in the arsROrf2BC operon in Bacillus sp CDB3 strain.
The results show that the ORF2 protein is a bleomycin resistance protein and is
possibly associated with arsenic metabolism.

To complement the preceding bioinformatics analysis, preliminary functional
studies of the ArsB homologue in Arabidopsis thaliana (named AtB protein in this
study), YafS, ORF2 and YHR209w (a putative arsenic methyltransferase from yeast
Saccharomyces cerevisiae) proteins, were carried out in bacterial E. coli cells.
Bacterial expression plasmids for AtB, YafS and YHR209w were constructed.

The

functional tests showed that compared with the control, the E. coli cells harbouring
AtB, yhr209w or yafS gene were more sensitive to arsenite.

In addition, an arsenite

resistance assay of yeast wild-type and yhr209w knock-out mutant strains
demonstrated that the knock-out of yhr209w gene resulted in a slightly elevated
tolerance to arsenite compared with the wild-type strain.

Therefore, this result also

indicated that YHR209w protein may confer slight sensitivity to arsenite.

My

experimental work also confirmed the bioinformatics prediction result that the
function of ORF2 protein was associated with bleomycin resistance.

XIII

XIV
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Chapter I

Introduction
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Chapter I

Arsenic, a metalloid ubiquitous in land and marine environment, is toxic to living
organisms.

Arsenic resistance has evolved during evolution in microorganisms,

plants and animals.

This chapter describes the toxicity of arsenic to organisms and

reviews recent research advances in arsenic metabolism and resistance mechanisms in
organisms with emphasis on the molecular characteristics of proteins associated with
arsenic metabolism and resistance.

The aims of this study will then be presented.

1.1 Common arsenic species
Arsenic, a chemical element belonging to the nitrogen family (Group V of the
periodic table), is widely spread in nature.
and igneous rocks.

Arsenic is associated with sedimentary

Normally, the emission of arsenic into the atmosphere comes

from natural phenomena such as volcanic activity, biological activity and weathering
with redistribution on the surface of earth by igneous activity (Cullen et al., 1989).
Arsenic is widely distributed in the upper crust of the earth.

The arsenic

concentrations in soil range from 0.1 to 1000 ppm (mg/kg).

In seawater, the average

concentration is approximately 2.6 µg/L and around 0.4 µg/L in fresh water.
atmosphere, the range is 50 to 400 ppm (Mukhopadhyay et al., 2002).

In the

Using the

information provided by previous studies, a simplified and comprehensive arsenic
cycle has been proposed (Fig.1.1) (Bhumbla et al., 1994).

The main components of

this cycle are biota, air, mining and smelting, pesticides, oceans and water, soils,
rocks and sediments, and non-agricultural materials.

There are four oxidation states of arsenic: As(-III), As(0), As(III) and As(V).
Usually, arsenic exists as arsenical compounds.

The common inorganic arsenical

compounds are arsenate and arsenite (Fig. 1.2) and the common organic arsenic
compounds include methylarsonate (MMAv), methylarsonite (MMAIII),
dimethylarsinate (DMAv) and dimethylarsinite (DMAIII).

MMAv and DMAv are

major methylated products found in the urine of humans and some animals.

2
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Fig. 1.1 The global arsenic cycle (adapted from Bhumbla et al., 1994)

Fig. 1.2 The structure of common arsenic species (adapted from Wu, 2005)
3
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1.2 Toxicity of arsenic to organisms
Arsenic is an environmental contaminant generated by agricultural, industrial
activities and by disturbance of natural arsenic deposits.

The presence of inorganic

arsenic in drinking water is an environment threat to human health.
arsenic differs depending on its oxidative states.
toxic than pentavalent arsenic.

The toxicity of

Trivalent inorganic arsenic is more

Generally, arsenite is ten times more toxic than

arsenate and seventy times more toxic than pentavalent methylated arsenicals (Squibb
et al., 1983).

Arsine (As3H3), a gas widely used in the electronic industry, is a very

toxic form of arsenic, low concentrations of which can cause fatal hemolytic anemia
(Caussy, 2003).

In contrast to the methylated arsenicals, phenylarsenic compounds

such as diphenylarsine chloride (Clark I), diphenylarsine cyanide (Clark II) and
phenarsazine chloride (Adamsite), are not produced from natural processes but have
been manufactured as chemical-warfare agents.

Clark I, Clark II and Adamsite are

strong irritants with toxic effects at concentrations around 0.1 mg/ml in air
(Leermaker et al., 2006).

Arsenate (Asv, AsO43-) is structurally similar to phosphate (Pi).

Arsenate is

toxic as it can uncouple oxidation and phosphorylation during glycolysis (Oremland
et al., 2003).

Compared with arsenate, arsenite (AsIII, AsO2-, AsO33-) is more toxic

as it is more mobile and it can inhibit the activity of proteins by reacting with
sulphydryl groups (-SH).

Arsenite can inactivate more than 200 enzymes, and

consequently has wide affects on a range of organs and organisms.

However,

arsenite is not reactive with reduced nitrogen constituents or amine groups, while
arsenate is reactive with nitrogen groups but not sulphydryl groups (Kaltreider et al.,
2001).

Genotoxicity tests indicated that arsenic compounds induced chromosomal

aberrations, the formation of micronuclei and inhibited DNA repair in rodent and
human cells in vitro (Barrett et al., 1989).

A study of genotoxic effects of arsenic

trioxide (As2O3) in rats showed a significant increase of cytogenetic damage in the
bone-marrow cells after administration of arsenic trioxide (Patlolla et al., 2005).
4
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Gaps and chromatid breaks were the major forms of chromosome aberration and
chromosome type aberrations were also observed.

Recent studies showed that the

trivalent arsenic metabolites, the important intermediates of inorganic arsenic
biomethylation, are more genotoxic and cytotoxic than arsenite (Zakharyan et al.,
1999).

In an in vitro study with Chang human hepatocytes, the cytotoxicity of

arsenate, arsenite, MMAIII, MMAV and DMAV were assessed by measuring the
leakage of lactate dehydrogenase (LDH), mitochondrial metabolism of tetrazolium
salt XTT and intracellular potassium (K1) due to arsenic exposure.

The results

revealed that in Chang human hepatocytes, the order of cytotoxicity of these
arsenicals is as follows: MMAIII > arsenite > arsenate > MMAV = DMAV (Petrick et
al., 2000).

1.3 Arsenic resistance in organisms
There are three recognized arsenic resistance mechanisms in organisms:
enhanced transport of inorganic arsenic compounds out of cells, lowering inorganic
arsenic concentration in cells by binding to specific chelators and conversion of
inorganic arsenic compounds to less or non-toxic forms.

The first mechanism,

arsenic extrusion, is found in both prokaryotes and eukaryotes, and is the major
arsenic-resistant mechanism in bacteria and yeast (Fig. 1.3) (Wu, 2005).

In yeast,

inorganic arsenic compounds can be transported both out of the cell and into the
vacuole (Rosen, 1999).
have been in plants.
(Clemens, 2006).

Most reports of the second mechanism, arsenic chelation,

Phytochelatins (PCs) are the major arsenic chelator in plants

The third mechanism, conversion of inorganic arsenic to less toxic

methylated arsenicals, is also called biomethylation.

However, its role in

detoxification has been challenged, as trivalent methylated arsenicals, the
intermediates in the biomethylation process, are found to be more toxic than arsenite.
Moreover, some mammals lack arsenic methylation activity completely.

5
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Fig. 1.3 Comparison of arsenic resistance in bacteria and yeast (adapted from Rosen,
1999)

1.3.1 Arsenic export systems
1.3.1.1 Arsenic resistance operon in bacteria
The arsenic-resistant operons (ars operons), which encode an arsenite-efflux
system, have been found in both gram-positive and gram-negative bacteria on
chromosomes and plasmids (Wang et al., 2004).

The ars operon in plasmid R733 of

E. coli contains five genes, arsRDABC (Fig. 1.4) (Carlin et al., 1995).

The arsR and

arsD genes encode regulatory proteins, which are induced by arsenite.

Interaction

between arsenite and ArsR produces a conformational change in ArsR, which causes
this regulatory protein to dissociate from the promoter, allowing the transcription of
the ars operon.
ArsR.

ArsD is also a transcriptional repressor which acts independently of

The arsA and arsB genes encode the subunits of an ATP-driven pump, which

confer arsenite resistance by pumping arsenite out of the cell.

The ArsA protein is

an ATPase, the catalytic subunit of the pump, whereas the ArsB protein is an inner
membrance protein, which forms an anchor for ArsA and serves as an anion channel.
The ArsA-ArsB complex is an obligatorily ATP-coupled pump dependent on
6

Chapter I

Fig. 1.4 The structure and sequence similarities of five-gene ars operon on E.coli plasmid
R773 and three-gene ars operons on E. coli chromosome, and the plasmds of
Staphylococcus aureus. The identity of arsR, arsB and arsC genes of each operon is
indicated (adapted from Wu, 2005)

chemical energy.

In the absence of the ArsA, ArsB still can provide arsenite

resistance by working as a secondary carrier coupled to the proton motive force
requiring electrochemical energy (Dey et al., 1995).
expected to have a specific arsenite binding site.

The ArsB protein might be

However, the domain involved in

arsenite binding by ArsB proteins has not yet been identified and the only cysteine
residue in E. coli ArsB protein was not involved in arsenic binding (Chen et al., 1996).
The ArsB protein was demonstrated to have 12 transmembrane helices and three
potential cytosolic loops that interacted with ArsA protein (inside loops with charged
residues) located between 71 aa to 92 aa, 198 aa to 221 aa, and 264 aa to 277 aa (Wu
et al., 1992).

The arsC gene encodes a reductase, which confers resistance to

arsenate by reduction of arsenate to arsenite and extrusion of arsenite by the transport
system.

The plasmids pI258 and pSX267 of Staphylococcus aureus also have ars

operons (Ji et al., 1992; Rosenstein et al., 1994).
three genes: arsRBC (Fig. 1.4).

However, these operons only have

Previous studies indicated that these three genes

operons also conferred arsenite resistance to Staphylococcus aureus (Ji et al., 1992;
7
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Rosenstein et al., 1994).

The ars operon is also found on the chromosome of E. coli,

and just as the ars operon on the plasmids pI258 and pSX267, this operon just has
three genes: arsRBC.

The arsenic resistance of this ars operon was demonstrated:

when cloned and expressed on a multicopy plasmid, this operon caused increased
resistance, while deletion from the chromosome led to high arsenite sensitivity (Carlin
et al., 1995).
In bacteria, there are two families of ArsC proteins.

One family, termed

ArsCec after the ArsC protein in E. coli plasmid R773, has a conserved cysteine
residue in the N-terminal and requires glutaredoxin (Grx) and glutathione (GSH) for
reduction (Fig.1.5A).

The ArsC proteins in this family use three separate cysteine

residues, one in arsenate reductase and others in Grx and GSH (Martin et al., 2001).
Mutational experiments demonstrated that Cys-12 in ArsC of E. coli plasmid R773 is
a catalytic residue and activated by a nearby positive charge (Gladysheva et al., 1994).
Four residues, namely Cys-12, Arg-60, Arg-94 and Arg-107, located nearby in the
tertiary structure, are required for arsenic resistance (Martin et al., 2001).
function of Grx in arsenate reduction was studied.

The

Grx was found to catalyze either

reduction of mixed disulfides between a protein cysteine residue and GSH or
intraprotein disulfide bond reduction (Bushweller et al., 1992).

The N-terminal

cysteine of Grx is required for both reduction reactions, while the other cysteine
residues are not required for the reduction of mixed protein-GSH disulfides.
Mutation of the N-terminal cysteine of Grx eliminated arsenate reduction, suggesting
that the ArsC protein in E. coli plasmid R773 forms a mixed disulfide bond between
ArsC Cys12 and GSH (Shi et al., 1999).

The other family of ArsC proteins, termed ArsCsa after the ArsC protein in
Staphylococcus aureus plasmid pI258, requires thioredoxin for reduction and uses
different cysteine residues in its active site (Fig.1.5B) (Rosen, 1999).

It has been

demonstrated that replacement of any of the three cysteine residues: Cys10, Cys82
and Cys89 results in an inactive ArsCsa protein in vitro.

Cys10, similar to Cys12 of
8
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Fig. 1.5 The proposed pathways of arsenate reduction by ArsCec and ArsCsa families.
(adapted from Mukhopadhyay et al., 2002).

R773 arsenate reductase, works as the reaction center (Mukhopadhyay et al., 2002).
ArsCsa proteins have a kinship to the family of low molecular mass protein
phosphotyrosine phosphatases (LMW-PTPases) (Mukhopadhyay et al., 2002).

The
9
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ArsCsa protein from S.aureus plasmid pI258 showed phosphatase activity with the
substrate p-nitrophenyl phosphate (Zegers et al., 2001) in this arsenate reductase.
Mutation of any of three cysteines residues (Cys10, Cys82 and Cys89) has little effect
on phosphatase activity.

Arsenate is a competitive inhibitor of phosphatase activity

and its Ki is similar to the Km for arsenate reductase activity.

All this evidence

indicates that the arsenate reductase in S. aureus plasmid pI258 is a dual-function
enzyme, which contains both arsenate reductase activity and phosphatase activity.
Previous studies also demonstrated that the arsenate reductase in Bacillus, which
belongs to the ArsCsa family, had phosphatase activity with substrate p-nitrophenyl
phosphate (Bennett et al., 2001).

1.3.1.2 Regulation of ars operon
Most information relevant to the regulation of the ars operon comes from the
study of the five genes ars operon (arsRDABC) in plasmid R773 of E. coli.

Both

ArsR and ArsD are trans-acting repressor proteins and previous studies indicated that
ArsR and ArsD controlled the expression of the ars operon by binding to the same
promoter site (Chen et al., 1997).

Although both proteins are 13-kDa homodimers,

they have no sequence similarity.

Small amounts of ArsR and ArsD can be

synthesized in the absence of arsenite or antimonite, but ArsR preferentially binds to
the promoter site as ArsR has a high affinity for the promoter element (two orders of
magnitude higher than ArsD), repressing the expression of the ars operon (Fig.1.6).
Low extracellular concentration of arsenite or antimonite can cause ArsR to dissociate
from the operator element by binding to ArsR, permitting the transcription of the ars
operon.

Thus, ArsR controls the basal level of expression of the operon.

ArsD is a

second regulator to the ars operon and it controls the upper level of expression of ars
operon, preventing the over-expression of ArsB protein, which is toxic at high
concentration.

As the level of transcription increases, the concentration of ArsD

protein accumulates to sufficient level to saturate the operator element, and then the
transcription is repressed again.

Compared with ArsR, the affinity of ArsD for the

inducer (arsenite or antimonite) is lower: ArsD requires 100 µM sodium arsenite for
10
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induction, while 10 µM sodium arsenite can fully relieve ArsR from the operator
element (Chen et al., 1997).

Thus, low arsenite and antimonite concentrations do

not cause ArsD to dissociate from the operator element, but a high concentration can
cause dissociation of ArsD from the operator, leading to an increase in the expression
of ars operon.

As the synthesis of ArsB protein is toxic itself, ArsR and ArsD

together form a regulatory circuit that controls the basal level and maximal level of
the expression of ars operon.

Fig. 1.6 The regulation of ars operon (A) Small amounts of ArsR and ArsD proteins are
synthesized without inducers and ArsR preferentially binds to the promoter site. (B) Low
concentrations of As (III) can dissociate ArsR from the promoter site and the ars operon is
expressed. (C) When the concentration of ArsD protein increases sufficiently to saturate the
promoter site, the transcription is repressed again. (D) At a high concentration of As(III),
ArsD dissociates from the promoter site by binding to As(III), leading to a further increase in
the expression of ars operon (adapted from Chen et al., 1997).

1.3.1.3 YqcL family
The YqcL operon was first found in the chromosome of Bacillus subtilis (Beloin
11
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et al., 1997).

B. subtilis has two ars operons: one is arsRBC operon and the other

one contains four genes yqcJKLM.

The gene yqcJ encodes an ArsR homolog and

yqcM encodes an ArsC homolog.

Although yqcK and yqcL share no homologs with

arsD and arsB respectively, arsenic resistance has been associated with this four gene
operon.

The product of YqcL is a membrane protein and its function is possibly

similar to ArsB, acting as an arsenite extrusion pump.

A similar operon was also

found in Saccharomyces cerevisiae, located in a 4.2 kb region in chromosome XVI.
This operon contains three genes: ACR1, ACR2 and ACR3 (Fig. 1.7) (Bobrowicz et al.,
1997).

The Acr1p protein is structurally related to YAP1, the transcription regulator

protein from Saccharomyces cerevisiae but shares no common feature of ArsR and
ArsD (Rosen, 1999).

Although the overexpression of ACR1 alone did not provide

arsenic resistance, expression of ACR1, ACR2 and ACR3 on a multicopy plasmid
greatly increased the level of arsenic resistance (Bobrowicz et al., 1997). These
results suggested that the function of Acr1p was similar to ArsR, working as an
arsenic-inducible repressor that controlled the expression of ACR operon.

Previous

studies showed that amplification of ACR2 gene alone slightly increased arsenate
resistance and overexpression both of ACR2 and ACR3 genes on a multicopy plasmid
can confer resistance to high concentrations of arsenate, suggesting that Acr2p is
required for arsenate resistance.

In the bacterial ars operon, the arsC gene, encoding

an arsenate reductase, is required for arsenate resistance; therefore the function of
ACR2 gene is possibly similar to arsC.

The protein sequence of Acr3p is

homologous to the ArsB protein of the Staphlococcus aureus ars operon.
Overexpression of ACR3 increased arsenical resistance and disruption of ACR3
resulted in arsenical hypersensitivity.

These results suggested that Acr3p might have

a similar function to ArsB protein, catalyzing the extrusion of arsenite out of the cell.

Fig. 1.7 The organization of the ACR gene cluster in S. cerevisiae. (adapted from
Bobrowicz et al., 1997)
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Acr2p of Saccharomyces cerevisiae is the only identified arsenate reductase in
eukaryotes, but is unrelated to the bacterial arsenate reductases in primary sequence.
Therefore, Arc2p has been classified within a third family of arsenate reductases.
Similar to the arsenate reductase in E. coli R773, Arc2p requires GSH and Grx for
reduction (Mukhopadhyay et al., 2000).

Acr2p shows sequence homology in the

active site to the large protein tyrosine phophatases (PTPases) as these proteins share
a consensus HC(X)nR motif (Mukhopadhyay et al., 2002).

Mutation of the Cys and

Arg residues of this motif in Acr2p resulted in elimination of arsenate resistance both
in vivo and in vitro (Mukhopadhyay et al., 2001).

1.3.1.4 MRP family
In additional to extrusion of arsenite out of the cell, arsenite can also be
transported into the vacuole in yeast by Ycf1p, the yeast cadmium resistance factor.
This factor belongs to the multidrug resistance-associated protein (MRP) family and
Ycf1p can pump glutathione-conjugates (GS-conjugates) of metalloids such as
As(GS)3 and Cd(GS)3 into the vacuole (Li et al., 1997).

Evidence for an arsenite

resistance function of Ycf1p has been provided by disruption of YCF1, which causes
sensitivity to arsenite to a level similar to that of disruption of ACR3 (Rosen, 1999).
Cells with YCF1 disruption fail to accumulate As(GS)3 in vacuolar membranes but
they can extrude arsenite out of the cells; while cells with ACR3 disruption fail to
extrude arsenite but accumulate As(GS)3 in the vacuole (Rosen, 1999).

These results

suggest that the arsenic resistant pathway of Ycf1p is parallel to and independent of
Acr3p.

The human MRP1 protein, whose sequence is homolgous to Ycf1p, has been
demonstrated to provide resistance to arsenite (Cole et al., 1994).

This MRP1

protein belongs to an ATP-binding cassette transporter superfamily and it works as an
As(GS)3 carrier in the presence of arsenite (Zaman et al., 1995).

It was reported that

two ionisable amino acids Lys332 and Asp336, were essential for the transport of
As(GS)3 in human MRP1 (Leslie et al., 2004).

Neither Lys332-MRP1 nor
13
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Asp336-MRP1 mutants transported As(GS)3 (Leslie et al., 2004).

1.4 Arsenic chelation
1.4.1 The function of glutathione in chelation
Glutathione (L-γ-glutamylcysteinyl-glycine), is one of the most important
sources of reducing power in cells.

It is also a potential target for arsenic binding as

it contains thiol groups (Chouchane et al., 2001).

GSH plays a critical role in

detoxification of cells by both nonenzymatic and enzymatic reduction of Asv to AsIII
in the methylation process, and it also can bind to arsenite to form As(GS)3 (Fig.1.8)
(Delnomdedieu et al., 1994).

Fig. 1.8 The reaction between arsenate and glutathione to form arsenotriglutathione and
proposed structure of the As (III)–GSH complexes (adapted from Rey et al., 2004)

1.4.2 The function of metallothioneins in chelation
Metallothioneins (MTs) are metalloproteins characterized by low molecular
weight and high cysteine content.

These proteins can sequester different kinds of

metal ions, such as zinc, copper cadmium and mercury (Kagi et al., 1988).

MTs are
14
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expressed in many metal-resistant bacteria, fungi, algae, plant and vertebrates.
Typically, MTs have two cysteine-rich, metal-binding domains (Cobbett et al., 2002).
Based on the arrangement of cysteine residues, MTs can be classified into three
classes: Class I MT proteins have 20 highly conserved cysteines and are widespread
in vertebrates; Class II MT proteins lack a strict arrangement of cysteines and are
found in plants, fungi and nonvertebrates; Class III MT proteins are the
Phytochelatins (PCs)(Cobbett et al., 1993). MTs have been indicated in
detoxification of many toxic metals, such as As and Cd. It has been shown that MT II
of rabbits, which has six cysteine residues, can interact with arsenic compounds with +3
oxidation states. As expected, it bound up to six As (III), 10 MMA (III) and 20 DMA
(III) (Aposhian et al., 2006).

1.4.3 The function of phytochelatins in chelation
Phytochelatins (glutathione-derived peptides) are a family of cysteine-rich
peptides, which are functionally analogous to MTs (Cobbett et al., 2002).
general structure of PCs is (γ -GluCys)n-Gly (n= 2~5).
various plants and some microoraganisms.

The

PCs have been found in

In addition to the general structure,

whose repetitions of the γ –GluCys dipeptide are followed by a Gly, there are a
number of structural variants such as (γ -GluCys)n-Ser and (γ -GluCys)n-Ala (Rauser,
1995).

Numerous studies have showed that GSH (γ-GluCysGly) is the substrate for

the synthesis of PCs.

PCs play an important role in detoxification of arsenate and

arsenite in plants as both anions can be chelated by PCs via thiolate groups.
Previous studies demonstrated that both arsenate and arsenite could efficiently induce
the synthesis of PCs in vivo and in vitro (Schmoger et al., 2000).

In addition,

Arabidopsis mutants lacking PC synthase activity, which catalyses the biosynthesis of
PC, show more sensitivity to arsenate (Ha et al., 1999).

1.5 Biomethylation
As discussed in Section 1.3, there are different views on whether arsenic
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biomethylation should be considered as a detoxification mechanism.

Biomethylation

of inorganic arsenic to pentavalent organic arsenicals, such as methylarsonate (MMAv)
and dimethylarsinate (DMAv), has been regarded as a detoxification process in
animals, because of the lower acute toxicity of methylarsonate and dimethylarsinate
than arsenite and the faster rate of clearance of methylated pentavalent arsenicals than
inorganic arsenic from the body (Vahter, 1999).

Although biomethylation of arsenic

occurs in humans, animals, plants and microorganisms, it is not universal.

Some

animals, including several monkeys, chimpanzees and pigs do not convert inorganic
arsenic to methylated metabolites (Bentley et al., 2002).

Compared with arsenite,

pentavalent arsenic metabolites are less toxic; however, recent studies showed that the
trivalent arsenic metabolites, the important intermediates of inorganic arsenic
biomethylation, are more genotoxic and cytotoxic than arsenite (Zakharyan et al.,
1999).

Therefore, understanding the mechanisms of arsenic biomethylation and

identifying the enzymes that convert inorganic arsenicals to methylated arsenicals are
important to understand the consequences of chronic exposure to inorganic arsenicals.

The metabolism of inorganic arsenic in many species involves mainly two types
of reactions, reduction of pentavalent arsenicals to trivalent and oxidative methylation
of the trivalent forms (Fig. 1.9) (Thomas et al., 2004).

In the reduction reaction,

glutathione, and possibly other thiols, work as reducing agents for Asv, MMAv and
DMAv (Vahter, 2002).

Previous studies showed that depletion of GSH in the liver of

rats resulted in a decrease of inorganic arsenic methylation (Hirata et al., 1990).

In

the methylation reaction, a methyl group is transferred from S-adenosylmethionine
(SAM) to arsenic (Vahter, 2002) by arsenic methyltransferase.

SAM is the main

methyl donor in the oxidative methylation, which is supported by the studies on mice
and rabbits, which show that inhibition of SAM-dependent methylation by
periodate-oxidized adenosine leads to a large decrease in the methylation of arsenic
(Marafante et al., 1985).

Arsenic methyltransferases have been reported in both

mammals and bacteria, but until recently, there was no arsenic methyltransferase
reported in plants.

To investigate arsenic methylation activities in plants, an in vitro
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assay on methylation activity in leaf and root extracts of Agrostis tenuis using arsenite
and arsenate as substrate were carried out (Wu et al., 2002).

The results indicated

that arsenate methylation activity was greatly enhanced after acute exposure of the
plants to arsenate.

Compared with arsenite as substrate, the methylation activity was

much lower using arsenate as substrate, and the appearance of DMA followed MMA,
suggesting that methylation in Agrostis tenuis is by the traditional biomethylation
pathway, in which arsenite is the preferential substrate for biomethylation and MMAv
is the first pentavalent organic arsenical formed in the biomethylation process.

Root

extracts showed no enhancement of methylation activity after exposure to arsenate,
implying that arsenate was taken up by roots and transferred as arsenite to the leaves
before methylation proceeded (Wu et al., 2002)

Fig. 1.9 The mechanism for methylation of arsenate to trimethylarsine (adapted from
Bentley et al., 2002)

The enzymology of arsenic methylation is complicated due to the multiple
possible oxidation states for As.

Although GSH can reduce arsenate to arsenite

nonenzymatically, arsenate reductases were found in connection to arsenic resistance
in bacteria and they may be involved in arsenate reduction during biomethylation
(Bentley et al., 2002).

Two kinds of arsenic reductases have been identified in
17
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animals (Thomas et al., 2004).

One is the bifunctional purine nucleoside

phosphorylas (PNP, EC 2.4.2.1) purifed from human and rat liver, which can reduce
arsenate to arsenite (Radabaugh et al., 2002).

PNP requires a purine nucleoside and

dihydrolipoic acid (DHLA) to reduce arsenate.

The other is the MMAv reductase

identified in human and rabbit liver (Vahter et al., 2002).

The human MMAv

reductase has a high sequence homology with glutathione-S-transferase V and it
requires GSH to reduce MMAv (Thomas et al., 2004).

Catalyzing the formation of

MMAIII by MMAv reductase is the rate-limiting step in the biomethylation of
inorganic arsenic in many mammalian systems (Zakharyan et al., 1999).

MMAIII

can not be found in the urine of humans but it can be detected after administration of
the MMAIII chelating agent, suggesting that MMAIII is ether strongly bound to
endogenous chelatins or rapidly converted to DMAv (Petrick et al., 2000).

These

results further demonstrated that MMAIII is an intermediate product of the
biomethylation process.

A new metabolic pathway of inorganic arsenic methylation in humans has been
proposed (Hayakawa et al., 2005).

In vitro studies showed that after reduction of

arsenate to arsenite, the arsenite interacted with GSH to produce arsenic triglutathione
(ATG) (Fig. 1.10), which was then methylated by Cyt19, a possible arsenic
methyltransferase in humans, to produce monomethylarsonic diglutathione (MADG)
in the presence of SAM.

MADG was shown to be further methylated to

dimethylarsinic glutathione (DMAG) by Cyt19.

As-GSH complexes, such as ATG

and MADG, and trivalent arsenic compounds are in equilibrium depending on the
concentration of GSH.

It was shown that ATG and MADG were stable with 5 mM

GSH and hydrolysed to iAsIII and MMAIII in the absence of GSH with pH 7.0
(Hayakawa et al., 2005).
respectively.

MMAIII and DMAIII are oxidized to MMAV and DMAV

This new inorganic arsenic metabolic pathway is significant as it

suggests that both ATG and MADG are substrates for Cyt19, and metabolism of
arsenite to DMAv by Cyt19 is via formation of As-GSH complexes instead of a
procedure of repetitive reduction and oxidative methylation.

However, there are
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Fig. 1.10 The traditional (A) and a proposed new metabolic pathway (B) of inorganic
arsenic biomethylation (adapted from Aposhian et al., 2006).
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some criticisms about this new pathway, for example, human Cyt19 was just
produced by DNA recombinant technology and the native protein has not been
isolated and purified from human tissues (Aposhian et al., 2006).

1.6 The structure and molecular characteristics of arsenic
methyltransferases
According to their substrates, members of methyltransferase superfamily can be
classified into subfamilies such as DNA methyltransferases, RNA methyltransferases,
protein methyltransferases and small molecule methyltransferases (Kagan et al.,
1994). Alternatively, according to the atoms targeted for methylation,
methyltransferases can also be divided into C-methyltransferases,
S-methyltransferases, N-methyltransferases, O-methyltransferases and
As-methyltransferases.

Arsenic methyltransferases play an important role in the

biomethylation pathway.

To date, all identified arsenic methyltransferases are SAM-dependent
methyltransferases, using SAM as the methyl donor.

The SAM-dependent

methyltransferases share little sequence identity, but have a highly conserved
structural fold and the SAM-binding domain is conserved.

The core fold of

SAM-dependent methyltransferases has seven β strands (β1-β7) and five α helices (αZ
and αA-αE) (Fig. 1.11) (Martin et al., 2002).
SAM-binding doman (Kagan et al., 1994).

There are three conserved motifs in the
Motif I, hh(D/E)hGXGXG (where “h”

represents a hydrophobic amino acid and “X” represents any amino acid), also known
as the glycine-rich sequence, is located between β1 and αA of the core fold.
Motif I can interact with the amino acid portion of SAM (Martin et al., 2002) Motif
II, (P/G) (Q/T) (F/Y/A) DA(I/V/Y)(F/I)(C/V/L), is an acidic loop, located between β2
and αB of the core fold.
2002).

Motif II can interact with the ribose hydroxyls (Martin et al.,

The consensus sequence for motif III is

LL(R/K)PGG(R/I/L)(L/I)(L/F/I/V)(I/L), whose central glycines of this motif are
20

Chapter I

highly conserved (Kagan et al., 1994).

Fig. 1.11 The structure of SAM and SAM-dependent methyltransferases. (A) The
structure of SAM. (B) The topology of the core fold of SAM-dependent methyltransferases.
The SAM and substrate-binding domain are indicated. The cylinders are helices and arrows
are strands. The helice-C is not always conserved in the core fold. “ * ” stands for the
location of motif I, and “ + ” stands for the location of motif II (adapted from Martin et al.,
2002)

Given the diverse sizes and stereochemistry of the substrates, the
substrate-binding domain of SAM-dependent methyltransferases varies enormously in
topology among different kinds of SAM-dependent methyltransferases.

1.6.1 Examples of identified arsenic methyltransferses
The first purified arsenic methyltransferase was from rabbit liver (Zakharyan et
al., 1995). This approximately 60-kDa arsenic methyltransferase can methylate both
arsenite and methylarsonous acid. Its activity in the methylation of arsenite is
stimulated by a monothiol, GSH; while its activity in the methylation of
methylarsonous acid is stimulated by a dithiol, dithiothreitol (DTT). Although the
arsenic methyltransferase in rabbit has been purified, the sequence of this protein has
not yet been determined.

In 2002, Lin et al. purified an S-Adenosyl-L-methionine arsenic (III)
methyltransferase from rat liver. This arsenic (III) methyltransferase catalyses the
formation of methylated arsenic and dimethylated arsenic by transfer of a methyl
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group from AdoMet to iAsIII and MMAIII (Lin et al., 2002).

The pattern of

appearance of methylated arsenic products implied that the initial reaction formed
MMAv from arsenite and the consequent reaction formed DMAv from methylated
arsenic.

DMAv is the major metabolite in the reaction as the first-order rate

consistent of the dimethylation reaction is much higher than methylation reaction.
However, the molecular weight of this arsenic (III) methyltransferase (approximately
42kDa) is not identical with that purified from rabbit liver (approximately 60kDa)
(Lin et al., 2002).

As the protein sequence of the arsenic (III) methyltransferase

purified from rabbit liver is not available yet, further comparison with these two
methyltransferases awaits for the kinetic characterization of the enzymes and
availability of the protein sequence of rabbit arsenic (III) methyltransferase.

The

protein sequence of rat arsenic (III) methyltransferase has a high homology to human
arsenic methyltransferase Cyt19 protein, and both these proteins have the conserved
motif I and III for SAM-binding (Lin et al., 2002).

Another identified gene encoding arsenic (III)-methyltransferase is arsM from
Halobacterium sp. Strain NRC-1, located in the 191kb plasmid pNRC100 (Wang et
al., 2004).

Halobacterium sp. Strain NRC-1 is a good model for analysis of heavy

metal resistance as its natural environment is rich in heavy metals and its genome is
completely sequenced (Peck et al., 2000).

In addition to the ars operon, the arsM

gene is probably an inducible second system conferring arsenite resistance in
Halobacterium sp. Strain NRC-1 as previous studies showed that deletion of arsM led
to increased sensitivity to arsenite.

The protein sequence of ArsM is similar to some

methyltransferases in mammals and bacteria.

However, whether ArsM catalyses the

formation of MMAv or DMAv or both, is yet to be determined.
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1.7 Arsenite binding sites in proteins associated with arsenic
metabolism and resistance
1.7.1 Arsenite binding site in ArsR
The ArsR protein of plasmid R773 in E. coli is a homodimer of two 117-residue
monomers and it controls the basal level of the ars operon expression (Section
1.3.1.2).

A conserved motif “ELCV(C/G)D”, named the “metal binding box”, was

found in most of the members in the SmtB/ArsR family (Shi et al., 1994).

Previous

studies of ArsR showed that Cys-32 and Cys-34 in this conserved motif
(30ELCVCD35) were involved in induction by arsenite, as substituting
non-metal-liganding residues for one or both cysteines inhibited ArsR dissociation
from the ArR-DNA complex in the presence of inducer (eg. As (III)) (Busenlehner et
al., 2003).

This result suggested that the binding of Cys-32 and Cys-34 by As (III)

led to a conformational change in ArsR which disrupted its interaction with the DNA
(Shi et al., 1996).

In small molecule As (III)-thiolate complexes, arsenic is usually

three-coordinate (Delnomdedieu et al., 1994), and both oxygen and sulfur can be
arsenic ligands.

A site-directed mutagenic assay with Cys-37 and Ser-43, a serine

residue located in the putative helix-turn-helix DNA-binding domain, revealed that
neither Cys-37 nor Ser-43 is required for induction (Shi et al., 1996).
ArsR-As (III) bonds are sufficient for induction.

Therefore, two

Affinity chromatography was used

to test the interaction between As (III) and ArsR using phenylarsine oxide (PAO), an
arsenite analog as ligand.

The residues Cys-32, Cys-34 and Cys-37 were all found to

be required for ArsR binding, suggesting that the thiolates of these three cysteine
residues formed an AsS3 site.

The AsS3 coordination was further confirmed in X-ray

absorption spectroscopy (Fig.1.12) (Shi et al., 1996).

Thus, all these cysteine

residues are required for arsenic binding but only Cys-32 and Cys-34 are required for
the conformational change in ArsR that leads to transcriptional derepression.
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Fig. 1.12 Geometry of the As(III)-binding site in ArsR. The bond distances are
determined by X-ray absorption spectroscopy and the angles are predicted by crystallographic
analysis of arsenic thiol compounds (adapted from Rosen, 1999)

1.7.2 Arsenite binding site in ArsD
Like ArsR, ArsD also works as a repressor protein and binds to the same
operator site (Section 1.3.1.2).

Although ArsR (117 amino acids) and ArsD (120

amino acids) are both small proteins of similar size, they have no significant sequence
similarity and appear to have evolved independently (Chen et al., 1997).

ArsD has

three vicinal cystein pairs, Cys-12-Cys-13, Cys-112-Cys-113, and Cys-119-Cys-120.
Mutagenetic assay revealed that Cys-12-Cys13 and Cys-112-Cys-113 may be
responsible for As (III) or Sb (III) induction, as mutation of either pair led to loss of
inducibility in the presence of As (III), while mutation of Cys-119-Cys-120 had no
effect on As (III) responsiveness (Li et al., 2001).

The titration of the steady-state

kinetics of Sb (III) and As (III) binding to ArsD indicated that binding was a
cooperative process (Li et al., 2002).

Substitution of either Cys-12, Cys-13 or both

had no effect on the cooperativity in the binding of Sb (III), while disruption of
Cys-112-Cys-113 led to a major reduction in the binding cooperativity but not total
abolition, suggesting that observed cooperativity mainly arose from interactions
between Cys-112-Cys-113 sites with a smaller contribution from cooperativity
between the Cys-112-Cys-113 and Cys-12-Cys-13 sites (Li et al., 2002).

These
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results implied that the cysteine residues of adjacent monomers formed the
As(III)/Sb(III) binding site (Fig. 1.13).

Fig. 1.13 A putative model for As (III) binding site in ArsD (adapted from Li et al., 2002)

1.7.3 Arsenite binding in ArsA
ArsA is the catalytic subunit of ArsAB pump (Section 1.3.1.1) that extrudes the
metalloid oxyanions and it can be allosterically activated by binding to Sb(III) or
As(III).

Normally, ArsA is bound to ArsB, but when it is expressed without ArsB, it

can be purified as an ATPase (Rosen et al., 1999).

ArsA has two homologous

subunits, A1 and A2, connected by a linker peptide.

Both of these subunits have a

consensus nucleotide binding domain required for activity (Rosen et al., 1999).
There are four cysteines, Cys-26, Cys-113, Cys-172 and Cys-422, which are located
in different regions of the primary sequence in ArsA.

Previous studies demonstrated
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that three cysteine residues Cys-113, Cys-172 and Cys-422 were involved in As (III)
or Sb (III) binding (Fig.1.14A) (Bhattacharjee et al., 1996).

Although these three

cysteine residues are located apart from each other in the primary sequence (Fig.
1.14A), they are in close proximity to each other in the quaternary structure to form
an As (III) binding site (Fig. 1.14B).

Similarly to the As (III) binding site of ArsR,

these three cysteines form a trigonal pyramidal binding site for As (III) or Sb (III)
(Bhattacharjee et al., 1996).

Fig. 1.14 The primary sequence model (A) and As (III) binding site of ArsA (B) (the
thiolates represented as S) (adapted from Rosen et al., 1999)

1.7.4 Arsenite binding site in metallothioneins
Metal chelation in metallothioneins is achieved by high cysteine content with
conserved motifs of cys-cys, cys-x-cys and cys-x-x-cys (Cobbett et al., 2002).
Previous studies demonstrated that the metallothionein (accession number: 096717) in
the alga Fucus vesiculosus binds to arsenite, playing an important role in its uptake by
this alga (Merrifield et al., 2004).

The protein sequence of this metallothionein
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showed that it had two metal-binding sites: a 9-cysteine region and a 7-cysteine
region separated by 14 residues.

Determination of the mass spectral charge states

indicated that this metallothinein can bind to five As, each requiring three thiols.
The first three As bind to the 9-cysteine regions to form As3Cys9, and the 4th and 5th
As bind to the 7-cysteine region to form As2Cys6HCys1 (Merrifield et al., 2004).

1.7.5 Studies of arsenite binding sites using synthetic peptides
Although As (III) has a range of effects in cellular chemistry, the amino acid
sequence and the structural consequence of arsenic binding to peptides and proteins
are poorly understood.

An arsenite binding study using 73As-labelled arsenite and

vacuum filtration was carried out to determine the efficiency of arsenite binding to
synthetic peptides (Kitchin et al., 2005).

For arsenite binding to proteins or peptides,

the likely amino acid constituents are amine-containing (H, N, Q and the N-terminal
end), hydroxyl containing (S, Y and T) and sulfur-containing (C and M).

However,

the results indicated that amino acids other than cysteine did not bind arsenite at all.
Although it was reported that arsenite has three coordination positions bound to sulfur
atoms of metallothionein and GSH (Jiang et al., 2003), this arsenite binding assay
showed that when two cysteines are close enough (separated within five other amino
acids), they can bind arsenite with a low dissociation equilibrium constant (tight
binding) and effectively function as a dithiol.

Another experiment studying the effects of As (III) binding on -helical
structure peptide indicated that peptides containing two cysteine residues with
arrangement CC, CXC, CXXC or CXXXC can bind As (III) efficiently regardless of
the structural outcome of the binding event (Cline et al., 2003)
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1.8 The purpose of this study
Arsenic contamination is a global problem threatening our environment and
health.

Elucidation of the arsenic resistance mechanisms in a variety of organisms

may help to develop new methods to detoxify this pollutant.

In previous research at our own laboratory, progress was made in different
arsenic metabolic and resistance pathways, including:

1) The biomethylation process was characterized in the plant Agrostis tenuis, E.
coli W3110 and yeast Saccharomyces cerevisiae (Wu et al., 2002; Wu, 2005).
However, the genes responsible for biomethylation in these organisms remain to be
identified.

2) A number of bacterial strains (CDB strains) from the soil of two cattle dip
sites in Northern NSW were isolated.

Two arsenic resistance (ars) clusters were

identified in Bacillus sp. CDB3 (Luo, 2006).

One of the clusters, arsROrf2BC,

contains four genes in the order arsR, ORF2, arsB and arsC.

However, the function

of ORF2 gene is unknown.

This study includes two parts: bioinformatics analysis and preliminary function
studies.

1.

The aims within each part are given below.

Bioinformatics analysis
A) Analysis of the distribution of different kinds of arsenic pump proteins;

B) Prediction of arsenic methyltransferases in E. coli and the model organism of
plants Arabidopsis thaliana; and
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C) Prediction of the function of ORF2 gene in the arsROrf2BC.

2. Preliminary functional studies
Perform some initial experiments to test the functions of these proteins when
expressed in E. coli.
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Chapter II

Bioinformatics analysis of three classes of
proteins associated with arsenic metabolism and
resistance
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2.1 Introduction
As discussed in Chapter I (Section 1.3 ~ Section 1.6), many classes of proteins
have been found to be involved in arsenic metabolism and resistance.

However, the

list of such proteins seems still far from complete, and at the same time there is still a
big task to characterize those already on the list.

With the availability of a huge

amount of sequence data from a wide range of organisms, bioinformatics is a
powerful tool in meeting this challenge.

My research in this chapter will use a

bioinformatics approach to predict the new members of two known classes of proteins
associated with arsenic metabolism and the biochemical function of another.

2.1.1 Sequence characteristics and unknown members of arsenic pump proteins
Arsenic extrusion, an important arsenic resistant pathway,
among prokaryotes and eukaryotes.

is widely spread

The proteins responsible for arsenic transport

are found in prokaryotic and eukaryotic cells.

To date, three families of arsenic

pump proteins have been characterized: ArsB family (E. coli ArsB protein
homologues), YqcL family (Bacillus subtilis YqcL protein homologues) and MRP1
family (human MRP1 protein homologues) (Section 1.3.1).

It is reported that most members of the ArsB family occur in bacteria.

One

class of protein, the pink-eyed dilution protein (P protein) of animals also belongs to
the ArsB family, and the mouse P protein has been identified to confer sensitivity to
arsenicals (Staleva et al., 2002).

The members of YqcL family occur in bacteria and

fungi, and the members of MRP1 family occur in eukaryotes.

Some interesting

questions thus arise: are the members of ArsB and YqcL family present in other higher
eukaryotes, such as plants, and are the members of MRP1 family present in bacteria?
What is the distribution pattern of arsenic pump proteins across of different classes of
organisms?

In this study, I attempt to answer these questions through database

searching and phylogenetic analysis.
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2.1.2 Sequence characteristics and unknown members of arsenic
methyltransferses
Methylation has a significant role in the biotransformation of arsenic in
organisms (Section 1.5).

Arsenic methyltransferases, converting trivalent arsenicals

to methylated pentavalent arsenicals, play a key role in this process.

To date,

arsenic methyltransferase genes have been identified only in mammals (human and rat)
and an archeobacterium.

The scarce data available on arsenic methyltransferases

currently limits the understanding of their function.

The biomethylation process has

been detected in plants, E. coli and yeast Saccharomyces cerevisiae by previous
studies in our lab (Wu, 2005).

We would like to further study the function of

biomethylation in these organisms through studying the function of the arsenic
methyltransferases.

Since methyltransferases are a super family of proteins,

prediction of arsenic methyltransferases in other organisms is difficult.

My effort to

address this problem is reported in this chapter (Section 2.3.2)

2.1.3 A protein of unknown function in Bacillus sp. CDB3 strain
In previous studies at our laboratory, two ars clusters were identified in Bacillus
sp. CDB3 strain (Luo, 2006).

One of them contains four genes organised as an

operon in the order arsR, ORF2, arsB and arsC (arsROrf2BC), and was found to
confer arsenic resistance in the transformed E. coli cells.
gene in this operon has not been identified yet.

The function of ORF2

A similar operon was also found in

the Bacillus subtilis skin element (Sato et al., 1998).

Although, as a whole, the role

of this operon in arsenic resistance has been demonstrated, the function of ORF2
protein in the B. subtilis skin element is also unknown.

The homology is very high between these two operons at the protein level:
ArsR, ORF2, ArsB and ArsC proteins in the arsROrf2BC operon of B. sp. CDB3
strain are 89%, 77%, 85% and 72% identical to those of B. subtilis, respectively (Fig
2.1).
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Fig. 2.1 Comparison of the CDB3 arsROrf2BC operon and the ars operon in B. subtilis
skin element. The size of each protein and the identity between the homologous proteins
are indicated

In this study, I attempt to search for the clue of the function of ORF2 protein
encoded by the CDB3 arsROrf2BC operon.
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2.2 Materials and Methods
2.2.1 Databases
The Databases used in this study include GenBank databases
(http://www.ncbi.nlm.nih.gov) and yeastgenome databases
(http://www.yeastgenome.org).

2.2.2 Software
The softwares used in this study are listed as follows:

1) Blastp (Altschul et al., 1997, http://www.ncbi.nlm.nih.gov/blast), which
compares an amino acid query sequence against a protein sequence database, is used
for analysis of protein homology.

2) The Conserved Domain Database and Search Service (CDD program) is used
to detect the conserved domains present in a protein query sequence
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).

3) Multiple alignments are analyzed by ClustalW (Thompson et al., 1994,
http://www.angis.org.au).

The multiple alignments are displayed by PrettyBox

(GCG) (Westerman et al., 1998, http://www.angis.org.au) which uses shading to
represent regions that agree with a calculated consensus sequence.

4) Smith-Waterman local Alignment program: Water (Smith et al., 1981,
http://www.angis.org.au) uses the Smith-Waterman algorithm to calculate the local
alignment, which is searching for local similarity between two sequences.

5) The program Seqboot is a general boostrapping tool, which reads in a data set
and produces multiple data sets from it by bootstrap resampling (Felsenstein, 1989,
http://www.angis.org.au).
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6) The program Protdist is used to compute a distance measure for protein
sequences (Felsenstein, 1989, http://www.angis.org.au).

7) The program Neighbor is a distance matrix method producing an unrooted tree
and it constructs a tree by successive clustering of lineages, setting branch lengths as
the lineages join (Felsenstein, 1989, http://www.angis.org.au).

8) Consensus is used to compute consensus trees by the majority-rule consensus
tree method.

It reads a file of computer-readable trees and outputs a consensus tree

(Felsenstein, 1989, http://www.angis.org.au).

9) The program PRSS (Pearson et al., 1988, http://www.angis.org.au) is used to
evaluate the significance of pairwise similarity scores using a Monte Carlo analysis.
The Smith-Waterman algorithm is used to calculate similarity scores for the two
sequences.

Any P-score below 0.001 is a reasonable value, and it means there is

excellent statistical support for the similarity between two sequences.

10) HMMTOP (hidden Markov model topology) (TusnaÂdy et al., 1998 and
http://www.enzim.hu/hmmtop/html/document.html) is an automatic server for
predicting transmembrane helices and topology of proteins

11) The program Garnier (Pearson et al., 1988, http://www.angis.org.au) is used
to predict the secondary structure of a protein.

2.2.3 Approaches
2.2.3.1 Construction of phylogenetic trees for ArsB, YqcL and MRP1 homologues
Arsenic pump proteins (15 homologues from ArsB family, 17 homologues from YqcL
family and 15 homologues from MRP1 family, Appendix 1) were identified by
screening the GenBank databases using the BlastP program and the 16s rRNAs were
obtained from the Ribosomal Database Project (Maidak et al., 2000). The multiple
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aligned sequences were bootstrapped with 500 replicates and the distances were
calculated by the Kimura method, and then clustered by Neighbor program with
UPGMA method. The consensus tree was computed by majority-rule consensus tree
method.
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2.3 Results
2.3.1 Sequence characteristics and unknown members of arsenic pump proteins
2.3.1.1 ArsB and YqcL homologues in eukaryotes
In order to search for ArsB and YqcL homologues in higher eukaryotes, the
BlastP search in the “Eukaryotes” databases was performed with 10 representatives
retrieved from ArsB and YqcL family (Appendix 1).

The results showed that the

ArsB homologues were found in plants (Fig 2.2), animals and fungi, while the YqcL
homologues were only found in fungi, but not in higher eukaryotes.

The ArsB homologues in plants share low homology to the identified bacterial
ArsB proteins.

For example, E. coli ArsB protein is just 21.4% identical to the ArsB

homologue from Arabidopsis thaliana, and 19.1%, 17.4% and 23.9% identity to those
from Oryza sativa, Dictyostelium discoid and Ostreococcus tauri, respectively
(evaluated by the Smith-Waterman local Alignment program: Water).

In order to

evaluate that the protein sequence similarity among ArsB homologues in plants and
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Fig. 2.2 Amino acid multiple alignment of two identified ArsB proteins and four ArsB
homologues from plants. The protein sequences of ArsB proteins from Escherichia coli
pR773 (identified) and Klebsiella oxytoca (identified) are aligned with those of four ArsB
homologues from Arabidopsis thaliana (accession number: NP_171728), Oryza sativa
(accession number XP_470223), Dictyostelium discoid (accession number: AAL96262) and
Ostreococcus tauri (accession number:CAL51792). Dark shading stands for identities and
light shading stands for conserved replacements.

those of ArsB family is real, not caused by chance, a statistical analysis was
performed by using the PRSS program, which evaluated the significance of pairwise
similarity scores.

The PRSS program was also used to evaluate the protein sequence

similarity among ArsB homologues in plants and the members of YqcL and MRP1
families (10 representatives retrieved from each family, Appendix 1) to compare the
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results obtained from the ArsB family.

The PRSS results showed that the protein sequence similarity between ArsB
homologues in plants and the members of ArsB family was real with P-score less than
0.001 (Table 2.1).

However, the P-score between plants ArsB proteins and members

of YqcL family and MRP1 family was higher than 0.001 (Table 2.2 and Table 2.3),
suggesting that these proteins were not associated with either the YqcL family or the
MRP1 family.

Table 2.1 The protein sequence similarity between ArsB homologues in plants
and the members of ArsB family
P-score
ArsB family

Arabidopsis

Dictyostelium

Ostreococcus

discoid

tauri

Oryza sativa
thaliana
Acidiphilium
multivorum
Alcaligenes
faecalis
Escherichia coli
pR773
Enterobacter
cloacae
Klebsiella
oxytoca
Leptospirillum
ferriphilu
Salmonella
typhimurium
Serratia
marcescens
Shewanella
putrefaciens
Yersinia
enterocolitica

6.368e-05

2.424e-06

2.852e-10

2.268e-19

1.178e-05

2.106e-07

7.439e-10

1.234e-23

9.363e-05

2.410e-05

8.296e-10

7.392e-20

0.0001221

1.008e-05

1.348e-11

2.724e-23

0.000165

3.266e-05

4.028e-11

1.171e-18

4.051e-06

1.151e-06

3.259e-09

8.332e-20

1.511e-05

5.859e-05

1.475e-10

4.928e-19

6.614e-05

1.441e-05

9.278e-11

5.759e-21

1.148e-06

5.832e-06

1.091e-09

3.722e-27

6.097e-05

0.0001417

4.962e-08

3.065e-18

40

Chapter II

Table 2.2 The protein sequence similarity between ArsB homologues in plants
and the members of YqcL family
P-score
YqcL family

Arabidopsis

Dictyostelium

Ostreococcus

discoid

tauri

Oryza sativa
thaliana
Bacillus subtilis

0.4205

0.1534

0.05537

0.006909

Carboxydothermus
hydrogen
Croceibacter
atlanticus
Cytophaga
hutchinsonii
Geobacillus
kaustophilus
Geobacter
sulfurreducens
Nostoc
punctiforme
Polynucleobacter
sp
Sphingopyxis
alaskensis
Saccharomyces
cerevisiae

0.7586

0.2399

0.4920

0.1238

0.6140

0.1656

0.005766

0.003851

0.7406

0.6918

0.008605

0.2040

0.4322

0.2768

0.02868

0.003061

0.4372

0.6674

0.3072

0.004731

0.4155

0.2645

0.007186

0.1626

0.8587

0.2547

0.05277

0.06601

0.7224

0.7854

0.003841

0.07144

0.3715

0.2023

0.005494

0.02860

Table 2.3 The protein sequence similarity between ArsB homologues in plants
and the members of MRP1 family
P-score
MRP1 family

Arabidopsis

Dictyostelium

Ostreococcus

discoid

tauri

Oryza sativa
thaliana
Bos taurus

0.1398

0.7485

0.6181

0.4534

Canis familiaris

0.2927

0.7165

0.5951

0.7523

Drosophila
melanogas
Equus caballus

0.3573

0.5712

0.9270

0.5772

0.4769

0.7628

0.2192

0.7164

Gallus gallus

0.0707

0.5629

0.5353

0.5029

Homo sapiens

0.2296

0.8159

0.5782

0.6086
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Macaca
fascicularis
Mus musculus

0.2694

0.8009

0.6633

0.3640

0.1566

0.4479

0.4824

0.8965

Rattus norvegicus

0.1865

0.4707

0.6912

0.8558

Saccharomyces
cerevisiae

0.08524

0.2208

0.5113

0.2388

All the ArsB homologues in animals are P proteins, such as the P proteins of Bos
taurus (accession number: XP_602611), Homo sapiens (accession number:
AAC13783), and Gallus gallus (accession number: XP_425579).

In fungi, it is

interesting that an ArsB homologue and an YqcL homologue can co-exist in the same
species. For example, the ArsB homologue (accession number: XP_001275631) and
the YqcL homologue (accession number: XP_001269583) in Aspergillus clavatus
NRRL 1.

These two proteins shared low homology with identity 18.3% and a P

score higher than 0.001 (P score: 0.50686).

PRSS results showed that the sequence

similarity between the ArsB homologue of Aspergillus clavatus NRRL 1 and the
member of ArsB family was real with a P-score less than 0.001 (Table 2.4).
Similarly, the sequence similarity between the YqcL homologue of Aspergillus
clavatus NRRL 1 and the members of YqcL family was also real (Table 2.4).

These

results suggested that in some fungi, there were two different arsenic pumps in the
same strain.

Table 2.4 The protein sequence similarity between ArsB homologue and YqcL
homologue of Aspergillus clavatus NRRL 1 and the members of ArsB and YqcL
families
P-score

P-score

ArsB homologue in
ArsB family

Acidiphilium
multivorum
Alcaligenes
faecalis

YqcL homologue in
YqcL family

Aspergillus clavatus

Aspergillus clavatus

NRRL 1

NRRL 1

4.518e-08

Bacillus subtilis

4.413e-08

Carboxydothermus 1.276e-50
hydrogen

3.391e-41
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Escherichia
coli pR773
Enterobacter
cloacae
Klebsiella
oxytoca
Leptospirillum
ferriphilu
Salmonella
typhimurium
Serratia
marcescens
Shewanella
putrefaciens
Yersinia
enterocolitica

Croceibacter
atlanticus
Cytophaga
hutchinsonii
Geobacillus
kaustophilus
Geobacter
sulfurreducens
Nostoc
punctiforme
Polynucleobacter
sp
Sphingopyxis
alaskensis
Saccharomyces
cerevisiae

1.830e-09
1.456e-07
2.264e-07
1.840e-08
1.590e-11
8.919e-09
5.548e-08
6.546e-06

6.790e-47
1.350e-44
3.932e-49
4.577e-39
2.311e-45
2.323e-43
7.428e-45
1.968e-47

2.3.1.2 MRP1 homologues in bacteria
To search for the MRP1 homologues in bacteria, a BlastP search in the
“Bacteria” databases was performed using the human MRP1 protein as the query
sequence.

The results showed that there were MRP1 homologues in bacteria with

between 28% and 32% identity.

15 representatives were retrieved (Table 2.5) and

used for later phylogenetic analysis (Section 2.3.1.3).

Table 2.5 MRP1 homologues in bacteria
Species Name

Accession number

Species Name

Accession number

Bacillus thuringiensis

YP_035102

YP_300476

Erwinia carotovora

YP_049265

Escherichia coli
CFT073
Escherichia coli 536

NP_752500

Lactobacillus casei

YP_806808

Staphylococcus
saprophyticus
Symbiobacterium
thermophilum
Synechococcus
elongatus
Synechococcus sp.
WH8102
Thermosynechococcus
elongatus

YP_668438

YP_074462
YP_172900
NP_896288
NP_681752
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Lactobacillus
delbrueckii
Silicibacter sp

YP_813225

Zymomonas mobilis

YP_163525

YP_611240

Trichodesmium
erythraeum
Yersinia
pseudotuberculosis

YP_722003
YP_069513

2.3.1.3 Distribution of arsenic pump genes in prokaryotes
Arsenic extrusion is a major arsenic resistance pathway in bacteria, and most
studies of arsenic pump genes have been bacteria related.

To investigate the

distribution and types of arsenic pump genes in bacteria, a phylogenetic analysis of
representative genes coding for the three classes of arsenic pumps was performed.

A

phylogenetic tree derived from 16S rRNA sequences corresponding to the selective
pump genes was also made for comparison.

The 16S rRNA based phylogenetic tree (Fig. 2.3) generally agreed with the
accepted 16S rRNA model and the arsenic pump gene phylogenies (Fig. 2.4)
supported the existence of the three classes of genes.

Compared with the 16S rRNA

phylogenetic tree, it suggested that the distribution of arsenic pump genes of the three
families was different, with most members of the ArsB family found in Proteobacteria,
while the members of YqcL family and MRP1 family in a range of groups of bacteria,
including Actinobacteria, Cyanobacteria, Firmicutes and Proteobacteria for MRP1
family, and Actinobacteria, Bacteroidetes, Chlorobi, Cyanobacteria, Firmicutes, and
Proteobacteria for the YqcL family.
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Fig.2.3 Phylogenetic tree based on 16S rRNA gene sequences. The numbers next to the
nodes indicate bootstrap fraction (out of 500).
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Fig. 2.4 Phylogenetic tree based on arsenic pump gene sequences The numbers next to
the nodes indicate bootstrap fraction (out of 500). Letters A, B, Ch, Cy, F, N and P after the
sequence names mean Actinobacteria,Bacteroidetes, Chlorobi, Cyanobacteria, Firmicutes,
Nitrospirae and Proteobacteria respectively.
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2.3.1.4 Membrane topology of arsenic pump proteins
As the membrane topology of the proteins was associated with their functions
and substrate specificities, the membrane topology of arsenic pumps from the three
families was analyzed by the HMMTOP program to further study the characteristics
of the proteins (Table 2.6).

Table 2.6 Membrane topology of three classes arenic pump proteins
Species Name
ArsB family
Acidiphilium multivorum
Alcaligenes faecalis
Enterobacter cloacae
Escherichia coli_pR773
Klebsiella oxytoca
Leptospirillum
ferriphilum
Salmonella typhimurium
Serratia marcescens
Shewanella putrefaciens
Yersinia enterocolitica
YqcL family
Bacillus subtilis
Carboxydothermus
hydrogen
Croceibacter atlanticus
Cytophaga hutchinsonii
Geobacillus kaustophilus
Geobacter
sulfurreducens
Nostoc punctiforme
Polynucleobacter sp
Sphingopyxis alaskensis
Saccharomyces
cerevisiae
MRP1 family
Bos taurus
Canis familiaris
Drosophila melanogas

Protein
size (aa)

Ntermin
us

No. of
helices

Potential charged inside loops
interacting with ATPase
catalytic proteins

429
428
429
429
429
428

In
In
In
In
In
In

12
12
13
12
12
13

71~92, 199~220, 264~281
71~92, 199~220, 264~277
71~92, 199~220, 264~281
71~92, 198~221, 264~277
71~92, 198~221, 264~277
71~92, 199~220, 264~277

429
429
427
429

In
In
In
In

12
13
12
13

71~92, 198~221, 264~277
71~92, 199~220, 262~283
71~92, 199~220, 264~281
71~92, 198~221, 264~281

346
358

In
In

10
10

61~76, 195~219
65~71, 206~226

349
350
353
350

In
In
In
In

10
10
10
10

65~84, 203~222
70~87, 207~226
66~81, 201~224
66~81, 205~224

358
348
354
404

In
In
In
In

10
10
10
10

71~86, 210~229
65~80, 204~227
62~81, 205~224
90~109, 302~336

1530
1531
1548

In
In
Out

15
15
17

N/A
N/A
N/A
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Equus caballus
Gallus gallus
Homo sapiens
Macaca fascicularis
Mus musculus
Rattus norvegicus
Saccharomyces
cerevisiae

1531
1525
1482
1531
1528
1532
1515

Out
In
In
Out
In
In
Out

14
17
15
16
17
17
14

N/A
N/A
N/A
N/A
N/A
N/A
N/A

The members of the ArsB family are the membrane anchors of ATP-coupled
extrusion pumps.

The HMMTOP prediction results showed that the members of this

family in bacteria had 12 or 13 transmembrane helices (Table 2.6).

The potential

cytosolic loops that interacted with ArsA protein were conserved among the members
in this family (Fig. 2.5).

However, HMMTOP results showed the membrane

topology of ArsB homologues in higher eukaryotes was different from that of bacteria.
For example, the P protein (832 aa) of mouse had 14 transmembrane helices and a
large outside loop between 192 aa and 324 aa.

The ArsB homologue (502 aa) in

Arabidopsis thaliana had 10 transmembrane helices and a large outside loop between
204 aa and 311aa.

Fig.2.5 The cytosolic loops with potential for interacting with ArsA proteins conserved in
bacterial members of the ArsB family. The conserved charged residues are shaded: the
dark shades stand for identity and the light shades stand for conserved replacement.
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The members of the YqcL family had 10 transmembrane helices.

Two

conserved charged inside loops, which possibly interacted with ArsA proteins, were
found in this family (Table 2.6).
The members of the MRP1 family also belong to the ATP binding cassette
superfamily, with ATP-binding, transmembrane and substrate-binding components.
The HMMTOP program predicted that the members of this family in eukaryotes had
14 to 17 transmembrane helices.

The two ionisable amino acids Lys332 and Asp336 in

human MRP1 protein that involved in transporting As (GS)3 were conserved in the
eukaryotic members of this family (Fig. 2.6).

The size of and membrane topology of

MRP1 homologues in bacteria were different from that of eukaryotic members, for
example, the size of MRP1 homologues in Lactobacillus casei was 597 aa, and it had
5 transmembrane helices.

Fig.2.6 The conserved residues in MRP1 family responsible for transporting As (GS)3.
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2.3.2 Prediction of arsenic methyltransferases in Arabidopsis thaliana and E. coli
W3110
2.3.2.1 Summary of the characteristics of arsenic methyltransferases
The characteristics of arsenic methyltransferases have not been identified yet.
Based on the available literature, the features of arsenic methyltransferases are
summarized as the following two aspects: 1) arsenic methyltransferases are
SAM-dependent methyltransferases, having SAM-binding motifs, 2) arsenic
methyltransferases have a potential arsenite binding sequence such as CC, CXC,
CXXC, CXXXC, CXXXXC or CXXXXXC (two close cysteines separated within
five other amino acids).

These two features are found in all the three identified

arsenic methyltransferases (Fig. 2.7).

ArsM (Halobacterium sp) (Accession Number: NP_046066)
MELWTHPTPAAPRLATSTRTRWRRTSRCSQPWATTPGTNSSDASRTPTTASASA
TSKPQSASARARSVRRSPDCTPRAWSRGARKDRGATTNRPRRPKFCSKRSTTC
EATMSNDNETMVADRDPEETREMVRERYAGIATSGQDCCGDVGLDVSGDGG
CCSDETEASGSERLGYDADDVASVADGADLGLGCGNPKAFAAMAPGETVL
DLGSGAGFDCFLAAQEVGPDGHVIGVDMTPEMISKARENVAKNDAENVEFR
LGEIGHLPVADESVNVVISNCVVNLAPEKQRVFDDTYR((VLRPGGRVAI))SD
VVQTAPFPDDVQMDPDSLTGCVAGASTVDDLKAMLDEAGFEAVEIAPKDEST
EFISDWDADRDLGEYLVSATIEARKPARDD

Cyt19_rat (Accession Number: NP_543166)
MAAPRDAEIHKDVQNYYGNVLKTSADLQTNACVTPAKGVPEYIRKSLQNVH
EEVISRYYGCGLVVPEHLENCRILDLGSGSGRDCYVLSQLVGQKGHITGIDMT
KVQVEVAKAYLEYHTEKFGFQTPNVTFLHGQIEMLAEAGIQKESYDIVISNCV
INLVPDKQKVLREVYQVLKYGGELYFSDVYASLEVSEDIKSHKVLWGECLGG
ALYWKDLAVIAKKIGFCPPRLVTANIITVGNKELERVLGDCRFVSATFRLFKLP
KTEPAGRCQVVYNGGIMGHEKELIFDANFTFKEGEAVEVDEETAAILRNSRFA
HDFLFTPVEAS((LLAPQTKVII))RDPFKLAEESDKMKPRCAPEGTGGCCGKR
KSC
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Cyt19_human (Accession Number: NP_065733)
MAALRDAEIQKDVQTYYGQVLKRSADLQTNGCVTTARPVPKHIREALQNVH
EEVALRYYGCGLVIPEHLENCWILDLGSGSGRDCYVLSQLVGEKGHVTGIDM
TKGQVEVAEKYLDYHMEKYGFQASNVTFIHGYIEKLGEAGIKNESHDIVVSN
CVINLVPDKQQVLQEAYRVLKHGGELYFSDVYTSLELPEEIRTHKVLWGECLG
GALYWKELAVLAQKIGFCPPRLVTANLITIQNKELERVIGDCRFVSATFRLFKH
SKTGPTKRCQVIYNGGITGHEKELMFDANFTFKEGEIVEVDEETAAILKNSRFA
QDF((LIRPIGEKL))PTSGGCSALELKDIITDPFKLAEESDSMKSRCVPDAAGG
CCGTKKSC

Fig. 2.7 Analysis of the SAM-binding domain and potential arsenite binding site in
ArsM, Cyt19_rat and Cyt19_human proteins The SAM-binding motifs of ArsM (motif I:
GADLGLGCG and motif III: ((VLRPGGRVAI))), Cyt19_rat (motif I: ILDLGSGSG and
motif III: ((LLAPQTKVII))) and Cyt19_human (motif I: ILDLGSGSG and motif III
((LIRPIGEKL))) and the potential arsenic binding site are indicated.

Based on these two features, in this study, a bioinformatics approach is used to
search for the potential arsenic methyltransferases in Arabidopsis thaliana and E. coli
W3110 in which the biomethylation process has been detected (Wu, 2005).

2.3.2.2 Searching for potential arsenic methyltransferases in the Arabidopsis
thaliana database by the similarity of individual sequences
A Blastp search of the Arabidopsis thaliana database was performed with the
protein sequences of the three identified arsenic methyltransferases.

The “predicted

methyltransferases” (including the SAM-dependent methyltransferases) were
retrieved: 16 homologous to ArsM, 5 homologous to Cyt19_rat and 4 homologous to
Cyt19_human (Table 2.7).

The results showed that some putative methyltransferases

in Arabidopsis thaliana database shared low homology to the three identified arsenic
methyltransferases with average “identity” around 30% and most the “score” lower
than 50.

The proteins with accession numbers BAB02720, NP_173750, NP_564968

and NP_201220 are homologous to all three identified arsenic methyltransferases,
therefore, only 17 methyltransferases were retrieved from the databases.
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Table 2.7 Homologues of arsenic methyltransferases (ArsM, Cyt19_rat and
Cyt19_human) in Arabidopsis. The accession numbers of proteins that are
homologous to more than one identified arsenic methyltransferases are shaded and
underlined.
Accession
Annotation by GenBank
Number
databases
ArsM Homologues
BAB02720
methyl
transferase-like
protein
NP_173750
SAM-dependent
methyltransferase/
methyltransferase
NP_200251
SAM-dependent
methyltransferase/
methyltransferase
NP_564969
SAM-dependent
methyltransferase/
methyltransferase
NP_564968
SAM-dependent
methyltransferase/
methyltransferase
NP_566517
SAM-dependent
methyltransferase/
methyltransferase
NP_001031256
SAM-dependent
methyltransferase/
methyltransferase
NP_565170
SAM-dependent
methyltransferase
NP_181637
SAM-dependent
methyltransferase
NP_973894
SAM-dependent
methyltransferase/
methyltransferase
NP_568302
SAM-dependent
methyltransferase
NP_201220
SAM-dependent
methyltransferase/
catalytic/
protein methyltransferase
NP_186815
methyltransferase
NP_196887
methyltransferase
NP_850528
SAM-dependent

Identity Similarity Score*

E-value*

29%

50%

60.5

3e-09

30%

51%

56.6

4e-08

29%

44%

50.4

3e-06

31%

51%

43.5

4e-04

29%

50%

40.8

0.003

27%

44%

39.7

0.005

30%

50%

39.3

0.007

23%

40%

36.2

0.065

25%

44%

34.7

0.16

28%

54%

34.3

0.25

33%

49%

33.1

0.49

37%

53%

32.7

0.74

30%
38%
25%

53%
56%
48%

31.6
30.4
29.6

1.6
3.5
5.7
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NP_187349

methyltransferase/
methyltransferase
SAM-dependent
methyltransferase/
methyltransferase

Cyt19_rat Homologues
NP_173750
SAM-dependent
methyltransferase/
methyltransferase
NP_564968
SAM-dependent
methyltransferase/
methyltransferase
BAB02720
methyl
transferase-like
protein
NP_201220
SAM-dependent
methyltransferase/
catalytic/
protein methyltransferase
NP_176841
SAM-dependent
methyltransferase

25%

48%

32

60

25%

44%

39.7

0.006

24%

45%

33.9

0.29

25%

41%

33.5

0.37

33%

63%

30.8

2.4

31%

58%

30.0

3.8

Cyt19_human Homologues
NP_173750
SAM-dependent
29%
45%
40.8
methyltransferase/
methyltransferase
NP_564968
SAM-dependent
30%
46%
38.9
methyltransferase/
methyltransferase
BAB02720
methyl
transferase-like 24%
42%
32.0
protein
NP_201220
SAM-dependent
22%
46%
29.3
methyltransferase/
catalytic/
protein methyltransferase
*Scores lower than 50 and E-values higher than 0.001 are not significant

0.002

0.008

1.3
6.4

Among these 17 proteins, only 8 have a potential arsenite binding site (two close
cysteine residues) with accession numbers: BAB02720, NP_173750, NP_564969,
NP_001031256, NP_565170, NP_181637, NP_973894 and NP_568302.

To confirm

whether these 8 proteins are SAM-dependent methyltransferases, Blastp searches
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were performed with the sequences of these 8 proteins.

The Blastp results showed

that only 3 proteins with accession numbers NP_001031256, NP_565170 and
NP_181637 are predicted SAM-dependent methyltransferases (Fig. 2.8).

NP_001031256
MMKMMTRVLSSPSSHVSSLKYSPRRVIRASRDHLRAETLKSHQLPSGSSS
TSLCSCGRKHFLEAASPTMPFLPICSPNASRSKDVSETFHPQRPDWYKEL
FAWFLSTGMRSYEAEIAEYKRKLFEKLAGKAETVLEIGVGTGPNLKYFA
GNENVCVFGMDPNHKMEKYACESAREAGMKPENFRFMHGVGEAIPLDD
DSMDSVVATLVLCSVSDVTQTLNEIKR((VLKPGGIFLF))IEHVAAKDGSFF
HVQNVLDPIQQVVADGCHLTRNTDLHISAAGFDGGTEINDTAIYSFPWIIR
PHVYGAAYK

NP_565170
MPMTVVSGRFSTALLPTCFSLSRLHSVKYAAQRRVVFVSRSAHASSASVS
VETNSNSNVDFVIEKKDKNRGEKKILACPICYNSLAWISQPNGLIESAASG
IQVQCNTCKRSYSGNETHLDLAVASGSKRYSEPMPLSTELFRTPLVSFLY
ERGWRQNFIWGGFPGPEKEFEMAKAYLKPVLGGNIIDASCGSGMFSRLF
TRSDLFSLVIALDYSENMLRQCYELLNKEENFPNKEKLVLVRADIARLPF
LS(GSVDAVHA)GAALHCWPSPSSAVAEISR((VLRPGGVFVA))TTFIYDGP
FSFIPFLKNLRQEIMRYSGSHIFLNERELEDICKACGLVNFTRVRNGPFIML
SATKPS

NP_181637
MAMAALTSSSSAITLLNKPFLPNRSSFFSSDSQSPLLRFSASTSVRSRFPSAA
ISAVAPKSDINKNETPKIEIEETQVFACPVCYEPLMRKGPSGINLQAIYRS
GFKCGQCNKTYSSKDEYLDLTVTADLDDYNEVKPITTELFRSPLVSFLYE
RGWRQAFKRSGFPGPDEEFRMAEEYFKEAEGGLLVDVSCGSGLFSRKFA
QSGKYSGVIALDYSENMLRQCKEFIKNDNTFDNSTNIAVVRADVSRLPFPS
(GSVDAVHA)GAALHCWPSPTNAIAEICR((VLRSGGVFV))GTTFLRYSPSTPWI
IRPFQSRILQSYNYLMQDEIKDVCTSCGLTDYEDYIQDSFIMFTARKP
Fig. 2.8 Analysis of the SAM-binding domain and potential arsenite binding sites in 3
potential arsenic methyltransferases of Arabidopsis thaliana. The SAM-binding motifs
of NP_001031256 (motif I: VLEIGVGTG and motif III: ((VLKPGGIFLF))), NP_565170
(motif I: IIDASCGSG, motif II: (GSVDAVHA), and motif III: ((VLRPGGVFVA))) and
NP_181637 (motif I: LVDVSCGSG, motif II: (GSVDAVHA) and motif III:
((VLRSGGVFV))) and the potential arsenic binding sites are indicated.
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2.3.2.3 Searching for potential arsenic methyltransferases in the E. coli W3110
database by the similarity of individual sequences
A Blastp search of E. coli W3110 database was performed with the protein
sequences of the three identified arsenic methyltransferases.

The “predicted

methyltransferases” (including the SAM-dependent methyltransferases) were
retrieved: 6 homologous to ArsM, 2 homologous to Cyt19_rat and 2 homologous to
Cyt19_human (Table 2.8).

The results showed that the methyltransferases in the E.

coli W3110 database shared low homology to the three identified arsenic
methyltransferases with an average “identity” around 29% and the “score” lower than
50.

The YafE protein is homologous to all three identified arsenic

methyltransferases.

SmtA protein is homologous to ArsM and Cyt19_human, and

YjhP is homologous to ArsM and Cyt19_rat.

That means, only 6 methyltransferases

were retrieved from the E. coli W3110 database.

Table 2.8 Homologues of arsenic methyltransferases (ArsM, Cyt19_rat and
Cyt19_human) in E. coli W3110. The accession numbers of proteins which are
homologous to more than one identified arsenic methyltransferases are shaded and
underlined.
Accession
Protein Annotation
by Identity
Number
Name GenBank databases
ArsM Homologues
AP_001408 BioC
predicted
29%
methltransferase
BAA15680 YecO
predicted
29%
methyltransferase
BAA77881 YafE
predicted
27%
SAM-dependent
methyltransferase
BAA35667 SmtA
predicted
27%
SAM-dependent
methyltransferase
BAE76751
YfiC
predicted
25%
methyltransferase
BAE78298
YjhP
predicted
24%
methyltransferase

Similarity Score*

E-value*

46%

47.8

1e-05

50%

43.9

2e-04

45%

42.0

7e-04

50%

38.1

0.011

53%

30.8

1.8

42%

31.2

1.3
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Cyt19_rat Homologues
BAA77881 YafE
predicted
SAM-dependent
methyltransferase
BAE78298
YjhP
predicted
methyltransferase

36%

45%

33.5

0.27

31%

41%

30.4

2.2

Cyt19_human Homologues
BAA77881 YafE
predicted
35%
48%
33.5
SAM-dependent
methyltransferase
BAA35667 SmtA
predicted
27%
48%
32.3
SAM-dependent
methyltransferase
*Scores lower than 50 and E-values higher than 0.001 are not significant

0.29

0.51

To confirm whether these 6 methyltransferases are SAM-dependent
methyltransferases, BlastP searches were performed with the protein sequences of
these 6 methyltransferases.

The BlastP results showed that YecO, YafE and SmtA

are predicted SAM-dependent methyltransferases.

However, none of these proteins

have a potential arsenite binding sites (Fig. 2.9)

YecO
MSHRDTLFSAPIARLGDWTFDERVAEVFPDMIQRSVPGYSNIISMIGMLAERFV
QPGTQVYDLGCSLGAATLSVRRNIHHDNCKIIAIDNSPAMIERCRRHIDAYKA
PTPVDVIEGDIRDIAIENASMVVLNFTLQFLEPSERQALLDKIYQGLNPGGALV
LSEKFSFEDAKVGELLFNMHHDFKRANGYSELEISQKRSMLENVMLTDSVET
HKARLHNAGFEHSELWFQCFNFGSLVALKAEDAA

YafE
MSGLPQGRPTFGAAQNVSAVVAYDLSAHMLDVVAQAAEARQLKNITTRQGY
AESLPFADNAFDIVISRYSAHHWHDVGAALREVNRILKPGGRLIVMDVMSPG
HPVRDIWLQTVEALRDTSHVRNYASGEWLTLINEANLIVDNLITDKLPLEFSS
WVARMRTPEALVDAIRIYQQSASTEVRTYFALQNDGFFTSDIIMVDAHKAA
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SmtA
MQDRNFDDIAEKFSRNIYGTTKGQLRQAILWQDLDRVLAEMGPQKLRVLDA
GGGEGQTAIKMAERGHQVILCDLSAQMIDRAKQAAEAKGVSDNMQFIHCAA
QDVASHLETPVDLILFHAVLEWVADPRSVLQTLWSVLRPGGVLSLMFYNAHG
LLMHNMVAGNFDYVQAGMPKKKKRTLSPDYPRDPAQVYLWLEEAGWQIMG
KTGVRVFHDYLREKHQQRDCYEALLELETRYCRQEPYITLGRYIHVTARKPQ
SKDKV

Fig.2.9 The amino acid sequences of YecO, YafE and SmtA proteins The cysteine
residues were indicated and no close cysteines had been found.

2.3.2.4 Searching for potential arsenic methyltransferases in the E. coli W3110
database by retrieving all the “predicted methyltransferases”
As the above mentioned, searching for the E. coli W3110 database by the
similarity of individual sequences failed to retrieve a methyltransferase with the two
characteristics of arsenic methyltransferases, a large scale search was applied with the
key word “methyltransferase” against the E. coli W3110 database (accession number:
AC_000091).

55 methyltransferases were retrieved.

Among these

methyltransferases, 26 of them are encoding predicted methyltransferases (including
predicted SAM-dependent methyltransferases) (Appendix 2).

To confirm whether

these proteins are SAM-dependent methyltransferases, Blastp searches were
performed with the protein sequences of these 26 methyltransferases.

The Blastp

results showed that only 8 proteins are predicted SAM-dependent methyltransferases
(Table 2.9).
Table 2.9 Predicted SAM-dependent methyltransferases of E. coli W3110 The cysteine
residues are indicated and potential arsenic binding site are shaded.
Number
1

Protein
Name
YafE

Protein_ID

Protein sequence

BAA77881

MSGLPQGRPTFGAAQNVSAVVAYDLSAHML
DVVAQAAEARQLKNITTRQGYAESLPFADN
AFDIVISRYSAHHWHDVGAALREVNRILKPG
GRLIVMDVMSPGHPVRDIWLQTVEALRDTS
HVRNYASGEWLTLINEANLIVDNLITDKLPL
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2

YafS

BAA77884

3

YbcY

BAE76337

4

YbiN

BAA35473

5

SmtA

BAA35667

6

YecO

BAA15680

EFSSWVARMRTPEALVDAIRIYQQSASTEVR
TYFALQNDGFFTSDIIMVDAHKAA
MKPARVPQTVVAPDCWGDLPWGKLYRKAL
ERQLNPWFTKMYGFHLLKIGNLSAEINCEA
CAVSHQVNVSAQGMPVQVQADPLHLPFAD
KSVDVCLLAHTLPWCTDPHRLLREADRVLI
DDGWLVISGFNPISFMGLRKLVPVLRKTSPY
NSRMFTLMRQLDWLSLLNFEVLHASRFHVL
PWNKHGGKLLNAHIPALGCLQLIVARKRTIP
LTLNPMKQSKNKPRIRQAVGATRQCRKPQA
MGVSNRLAWGCPTKEHLLPHFLEHLGNNH
LDIGVGTGFYLTHVPESSLISLMDLNEASLN
AASTRAGESKIKHKISHDVFEPYPAALHGQF
DSISMSYLLHCLPGNISTKSCVIRNAAQALT
DDGTLYGATILGDGVVHNSFGQKLMRIYNQ
KGIFSNTKDSEEGLTHILSEHFENVKTKVQG
TVVMFSASGKK
MSAQKPGLHPRNRHHSRYDLATLCQVNPEL
RQFLTLTPAGEQSVDFANPLAVKALNKALLA
HFYAVANWDIPDGFLCPPVPGRADYIHHLAD
LLAEASGTIPANASILDIGVGANCIYPLIGVH
EYGWRFTGSETSSQALSSAQAIISSNPGLNRA
IRLRRQKESGAIFNGIIHKNEQYDATLCNPPF
HDSAAAARAGSERKRRNLGLNKDDALNFG
GQQQELWCEGGEVTFIKKMIEESKGFAKQV
MWFTSLVSRGENLPPLYRALTDVGAVKVVK
KEMAQGQKQSRFIAWTFMNDEQRRRFVNR
QR
MQDRNFDDIAEKFSRNIYGTTKGQLRQAIL
WQDLDRVLAEMGPQKLRVLDAGGGEGQTA
IKMAERGHQVILCDLSAQMIDRAKQAAEAK
GVSDNMQFIHCAAQDVASHLETPVDLILFHA
VLEWVADPRSVLQTLWSVLRPGGVLSLMFY
NAHGLLMHNMVAGNFDYVQAGMPKKKKR
TLSPDYPRDPAQVYLWLEEAGWQIMGKTGV
RVFHDYLREKHQQRDCYEALLELETRYCRQ
EPYITLGRYIHVTARKPQSKDKV
MSHRDTLFSAPIARLGDWTFDERVAEVFPD
MIQRSVPGYSNIISMIGMLAERFVQPGTQVY
DLGCSLGAATLSVRRNIHHDNCKIIAIDNSP
AMIERCRRHIDAYKAPTPVDVIEGDIRDIAIE
NASMVVLNFTLQFLEPSERQALLDKIYQGLN
PGGALVLSEKFSFEDAKVGELLFNMHHDFK
RANGYSELEISQKRSMLENVMLTDSVETHK
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7

TehB

BAA15059

8

YhiQ

BAE77797

ARLHNAGFEHSELWFQCFNFGSLVALKAED
AA
MIIRDENYFTDKYELTRTHSEVLEAVKVVKP
GKTLDLGCGNGRNSLYLAANGYDVDAWD
KNAMSIANVERIKSIENLDNLHTRVVDLNNL
TFDRQYDFILSTVVLMFLEAKTIPGLIANMQ
RCTKPGGYNLIVAAMDTADYPCTVGFPFAF
KEGELRRYYEGWERVKYNEDVGELHRTDA
NGNRIKLRFATMLARKK
MKICLIDETGTGDGALSVLAARWGLEHDED
NLMALVLTPEHLELRKRDEPKLGGIFVDFVG
GAMAHRRKFGGGRGEAVAKAVGIKGDYLP
DVVDATAGLGRDAFVLASVGCRVRMLERN
PVVAALLDDGLARGYADAEIGGWLQERLQL
IHASSLTALTDITPRPQVVYLDPMFPHKQKSA
LVKKEMRVFQSLVGPDLDADGLLEPARLLAT
KRVVVKRPDYAPPLANVATPNAVVTKGHRF
DIYAGTPV

Among these 8 predicted SAM-dependent methyltransferases, only the YafS
protein has a potential arsenite binding site (Table 2.9).

The secondary structure of

YafS protein was also analyzed by the Garnier program (Fig. 2.10).

It was showed

that the arsenite binding site (CXXC) is located in the α-helix structure, which also
agreed with the findings of previous studies by Cline et al., 2003 that two cysteine
residues with arrangement CC, CXC, CXXC or CXXXC in α-helical structure could
bind As (III) efficiently.

According to the above analysis, the potential arsenic

methyltransferase in E. coli W3110 is the predicted SAM-dependent
methyltransferase YafS protein.
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Fig. 2.10 The secondary structure of YafS protein The potential arsenite binding site
was shaded and underlined. H stands for helix, E stands for sheet, T stands for turns, and C
stands for coil.
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2.3.3 Prediction of the function of ORF2 protein encoded by the arsROrf2BC
operon of Bacillus sp CDB3
The ORF2 protein has 145 aa, and a CDD program analysis showed that ORF2
contains a glyoxalase/bleomycin resistance protein/dioxygenase domain (from 2 aa to
115 aa) (Fig. 2.11).

Fig. 2.11 The glyoxalase/bleomycin resistance protein/dioxygenase domain of the ORF2
protein

The ORF2 protein is possibly a bleomycine resistance protein (bleomycine
binding protein), as Blastp results showed that just as ORF2 protein, the identified
bleomycin binding proteins contain the same domain (Fig.2.12), such as BLMT
(accession number: 1NIQ_C) from Transposon Tn5 in Klebsiella pneumoniae, Shble
protein (accession number: 1XRK_B) from Streptoalloteichus hindustanus and BLMS
(accession number: BAC00987) from Staphylococcus aureus.

It is notable that the ORF2 protein has three cysteine pairs (Fig. 2.12), which are
potential arsenite binding sites and can not be found in other identified
bleomycin-binding proteins.

Similarly, the ORF2 protein encoded by the

arsROrf2BC operon of Bacillus subtilis skin element also has these three cysteine
pairs and the bleomycin resistance domain (Fig. 2.12).
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Fig. 2.12 Amino acid multiple alignment of the ORF2 proteins and three identified
bleomycin-binding proteins. The potential arsenite binding sites (the three cysteine pairs)
are indicated. Dark shading stands for identities and light shading stands for conserved
replacements
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2.4 Discussion
2.4.1 The distribution of arsenic pump proteins across of different classes of
organisms
Arsenic pump proteins are widely spread among the prokaryotic and eukaryotic
kingdoms.

However, the distribution of these proteins in each family is different.

YqcL homologues have been identified in some bacteria and the yeast Saccharomyces
cerevisiae (Section 1.3.1.3), located on the plasma membrane and transporting
arsenite (AsO2-) (Fig. 2.13).

YqcL homologues are also found in other fungi based

on sequence similarity (Section 2.3.1.1), but not in higher eukaryotes. ArsB
homologues have been identified in bacteria and animals (Section 2.1.1), located on
the plasma membrane (Fig. 2.13).

The ArsB homologues in bacteria confer

resistance to arsenite by pumping arsenite out of the cells, but the ArsB homologue of
animals, such as the mouse P proteinm, is a glutathione transporter (Staleva et al.,
2002).

Instead of conferring resistance to arsenicals, these authors demonstrated that

when expressed in yeast Saccharomyces cerevisiae, the mouse P protein increased
cellular sensitivity to arsenicals and other metalloids by transporting intracellular
glutathione into the vacuole before conjugation with arsenite as a way of arsenic
detoxification.

Similarly, cultured murine melanocytes expressing the P protein

were observed to be more sensitive to arsenicals compared with the p-null cell lines
(Staleva et al., 2002).

Based on sequence similarity, ArsB homologues are also

found in plants (Section 2.3.1.1), such as Arabidopsis thaliana and Oryza sativa.
However, their functions and substrates are still unknown.

MRP1 homologues have been identified in fungi (the vacuole membrane protein
YCF1 of Saccharomyces cerevisiae) (Section 1.3.1.4), plants (the vacuole membrane
proteins AtMRP1/AtMRP2 of Arabidopsis thaliana) (Lu et al., 1998) and animals
(Section 1.3.1.4).

Based on sequence similarity, MRP1 homologues are also found

in bacteria (Section 2.3.1.2) (Fig. 2.13), but their functions have not been identified
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Fig.2.13 The distribution of arsenic pump proteins across different organisms
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yet.

MRP1 homologues in yeast and animals have been found to confer resistance to

arsenite and other metalloids by conjugation to GSH and then transport into vacuole
or out of cells.

The AtMRP1/AtMRP2 proteins of Arabidopsis thaliana have been

found to transport GS conjugates, chlorophyll catabolites, and bile acids into the
vacuole (Lu et al., 1998) but their function in arsenic resistance still remains to be
identified.

One detoxification mechanism of arsenic in plants is to transport

phytochelatin conjugated arsenite into the vacuole by an ABC transporter (Clemens,
2006).

This kind of ABC transporter has not been characterized in plants but in

Schizosaccharomyces pombe (Ortiz et al., 1992).

The HMT1 protein of S. pombe

has been reported to transport phytochelatin-conjugates into the vacuole (Ortiz et al.,
1992).

HMT1 protein is speculated to mediate GS-conjugates transport as PC

peptides contain a C-terminal GSH residue (Ortiz et al., 1992).

The transport of

PC-conjugates and GS-conjugates by a similar mode is possible (Ortiz et al., 1992).
However, HMT1 protein shares low homology to the members of MRP1 family:
22.6% identity to the YCF1 protein of Saccharomyces cerevisiae, and 21.9% identity
to the MRP1 protein of human.

The analysis performed here (Section 2.3) showed that arsenic pumps occur in a
wide range of living organisms, with the members of ArsB and MRP1 families most
widely spread.

The phylogenetic analysis suggested that the distribution of these

three classes’ genes in bacteria was also different.

As the convergent evolution is

generally rare at the sequence level (Doolittle, 1994), the members of each family
among prokaryotic and eukaryotic kingdoms have possibly evolved from a common
origin.

Although arsenic pump proteins are widely spread, their function and substrates
differ among prokaryotes and eukaryotes, particularly in the case of the ArsB family.
This is possibly associated with the particular arsenic detoxification pathways in each
group of organisms.

Arsenite extrusion is the major arsenic resistance mechanism in

bacteria and yeasts, while in plants and animals, this mechanism has been
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supplemented by other arsenic metabolic process such as arsenic chelation and
biomethylation.

2.4.2 Different membrane topology of arsenic pump proteins from each of the
three families
The membrane topology of transmembrane proteins affects their functions and
substrate specificities.

HMMTOP prediction results showed that the membrane

topology of the three classes of arsenic pump proteins is different.

In comparison to

ArsB and YqcL families, the membrane topology of the MRP1 family in eukaryotes is
the most complicated with more transmembrane helices and larger molecular sizes.
The substrates of these three families differ, with bacterial ArsB proteins transporting
arsenite and antimonite, while the ACR3 family members are specific to arsenite only
(Rosen, 1999).

The substrates of the MRP1 family are more diverse extending to

transport organic anions such as cysteinyl leukotriene and estrone 3-sulfate (Buyse et
al., 2006).

In the same family, the membrane topology of prokaryotes and eukaryotes is
different.

For example, bacterial ArsB proteins have 12 or 13 transmembrane helices,

with an average size 428 aa, while the ArsB homologue in mouse has 14
transmembrane helices and 832 aa, and ArsB homologues in Arabidopsis thaliana has
10 transmembrane helices and 502 aa, suggesting that the substrates of ArsB
homologues in plants might be different from those in bacteria and animals.

2.4.3 Sequence diversity of arsenic methyltransferases among different living
organisms
To date, just three arsenic methyltransferase genes have been identified.
However, low homology is observed between the ArsM protein (from Halobacterium
sp) and the two Cyt19 proteins (from rat and human): 30% identity between ArsM and
Cyt19 (rat), 29.7% identity between ArsM and Cyt19 (human).

Similarly, this
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phenomenon was also been found among the identified arsenic methyltransferases and
the potential arsenic methyltransferases from Arabidopsis thaliana and E.coli.

This

suggests that the arsenic methyltransferases were evolutionally diverse among
bacteria, archeobacteria, plants and aminals.

2.4.4 ORF2 protein is probably associated with bleomycin resistance
The CDD program analysis showed that ORF2 contains a glyoxalase/bleomycin
resistance protein/dioxygenase domain.

The domain similarity of these three kinds

of proteins is possibly caused by the similarity of the overall three-dimensional
structures, whereas they have less than 20% sequence identity as well as notable
different functions (Bergdoll et al., 1998).

Glyoxalase I (GLO) is also named

lactoylglutathione lyase and methylglyoxalase.

It utilizes Zn to catalyze the

formation of an acylthioester as a result of inactivation of toxic methylglyoxal
(Bergdoll et al., 1998).

Dioxygenases use non-heme Mn(II) or Fe(II) to catalyze the

opening of aromatic rings, which is an important step in the degradation of aromatic
compounds in microorganisms.

In bacteria, the genes, whose functions are relevant,

are usually clustered in an operon or physically linked, but the functions of glyoxalase
and dioxygenases are not associated with the ars operon.

ORF2 protein is possibly a

bleomycin resistance protein as it is linked to the ars operon.

Co-resistance that

different resistance genes were on the same genetic element was observed in bacteria
(Austin et al., 2006).

Plasmids which originate from sewage treated plants contained

chromate, tellurite and mercury resistance genes, along with multiple antibiotic
resistance genes (Szczepanowski et al., 2005, and Tennstedt et al., 2005).

The

identified bleomycin binding proteins containing the glyoxalase/bleomycin resistance
protein/dioxygenase domain further supports this assumption.

The ORF2 protein

also has a potential arsenite binding, suggesting that its function might be associated
with arsenic metabolism.
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Chapter III

Preliminary functional tests of AtB, YafS,
YHR209w and ORF2 proteins expressed in
E .coli
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3.1 Introduction
With the available sequence data and bioinformatics tools, I have been able to
predict some new members of arsenic pump proteins and arsenic methyltransferases,
and the biochemical function of ORF2 protein encoded by the second gene of CDB3
arsROrf2BC operon.

With very limited time remained for my one-year Master by Research study, I
intend to carry out some functional tests in simple bacterial E. coli cells to
complement the preceding bioinformatics analysis.

Efforts have been made to

construct plasmids to express the Arabidopsis thaliana ArsB (refered to as AtB from
now on) and the potential E. coli arsenic methyltransferase (YafS) protein under the
control of CDB3 arsR promoter.

The putative yeast arsenic methyltransferase

YHR209w protein which has been predicted by a former member of our group (Wu,
2005), is also included.

The expression constructs were all designed as a two-gene

operon where the tested gene is placed after the CDB3 arsR gene so that its function
can be examined with arsenite induction.

A histidine tag is also incorporated as a

C-terminal fusion to facilitate protein purification for further biochemical functional
studies.

As the result of the bioinformatics analysis showed that the function of ORF2
protein is associated with bleomycin resistance, E. coli cells transformed with the
CDB3 arsROrf2BC operon have also been tested for the resistance to bleomycin.
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3.2 Materials and Methods
3.2.1 Materials
3.2.1.1 Bacterial strains
The E.coli strains used in this study are listed in Table 3.1.
is arsenic resistant as it contains ars operon.

E. coli strain JM109

The E. coli strain AW3110 is arsenic

hypersensitive as a result of deletion of the ars operon (Carlin et al., 1995).
Table 3.1 Escherichia coli strains used in this study
Strain
JM109

Genotype
F’ traD36 proA+B + lacIq ⊿(lacZ)M15/ ⊿

Source
Stratagene, USA

(lac-proAB) glnV44 el4- gyrA96 recA1 relA1
endA1 thi hsdR17
AW3110

Carlin et al., 1995 (gift
from Dr. B. Rosen, USA)

K12 F IN(rrnD-rrnE)⊿ars::cam

3.2.1.2 Yeast strains
Wild-type yeast strain BY4741 and the yhr209w knockout mutant strain are
obtained from EUROSCARF, Germany (Table 3.2)
Table 3.2 Genotypes of yeast strains
Strain
BY4741
yhr209w
mutant

Genotype
Mat a; his 3⊿1; leu 2⊿0; met15⊿0; ura3⊿0
BY4741; Mat a; his 3⊿1; leu 2⊿0; met15⊿0; ura3⊿0, YHR209w::kanMX4

70

Chapter III

3.2.1.3 Plasmids and Primers
The plasmids used in this study are listed in Table 3.3, and the primers in Table
3.4

Table 3.3 Plasmids used in this study
Plasmid
pAR15

pCW11-T Easy

pCW15

pGST-209w

pWK1
pWS1
pWS-209w
pWS-B
pWS-yafS
pWX1
pZXAt-B

Description
Sau3AI fragment containing CDB3 arsROrf2BC
operon cloned into pGEM-7 vector at BamHI site
(Ampr)
PCR fragment containing As4 promoter ParsR region
and arsR cloned into pGEM-T Easy vector at
EcoRI/ XbaI site (Ampr)
EcoRI-SacI fragment from pCW11, containing the
promoter ParsR region, arsR and part of LacZ gene
was ligated into pUJ8 (Ampr)
PCR fragment of yhr209w was cloned into the MCS
of pYEX 4T-1 vector downstream from GST at the
EcoRI /BamHI site (Ampr)
PCR fragment of yhr209w cloned into pCW11-T
Easy vector at XbaI/ PstI site (Ampr)
PCR fragment of yafS cloned into pCW11-T Easy
vector at XbaI/ PstI site (Ampr)
PCR fragment of yhr209w cloned into pGEM-T
Easy vector (Ampr)
PCR fragment of AtB cloned into pGEM-T Easy
vector (Ampr)
PCR fragment of yafS cloned into pGEM-T Easy
vector (Ampr)
PCR fragment of AtB cloned into pCW11-T Easy
vector at XbaI/ PstI site (Ampr)
PCR fragment of AtB cloned into pJKKmf(-) at
BamHI site (Kmr)

Source
Dr. Zhang’s Lab

Dr. Zhang’s Lab

Dr. Zhang’s Lab

ResGen, USA

In this study
In this study
In this study
In this study
In this study
In this study
Dr. Zhang’s Lab
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Table 3.4 Primers used in this study
Primer Name

Primer Sequence 5’->3’

Description

M13-F

GTTTTCCCAGTCACGAC

M13-R

GTCATAGCTGTTTCCTG

M-Yhr209w-F

GATATGGTTATTTCAGCAG
AA

M-Yhr209w-R

TTCTGCTGAAATAACCATA
TC

pWK1-Yhr209w-F

ATGAGTCTAGAAATGCCTA
AAACTAGTTAT

pWK1-Yhr209w-R

GCTGCAGTCAATGATGAT
GATGATGATGTTCTCTTTTC
CTACA
CTCTAGAGATGAAACCGG
CAAGAGT

M13-F is used to sequence the gene
inserted into pGEM-T Easy vector
M13-R is used to sequence the
gene inserted into pGEM-T Easy
vector
M-Yhr209w-F is used for
site-directed mutation of yhr209w
gene. The nucleotide needed to be
mutated is underlined
M-Yhr209w-R is used for
site-directed mutation of yhr209w
gene. The nucleotide needed to be
mutated is underlined
pWK1-Yhr209w-F, containing the
XbaI site (underlined), is used to
amplify the yhr209w gene.
pWK1-Yhr209w-R, containing the
PstI site (underlined), is used to
amplify the yhr209w gene.
pWS1-yafS-F, containing the XbaI
site (underlined), is used to amplify
the yafS gene.
pWS1-yafS-R, containing the PstI
site (underlined), is used to amplify
the yafS gene.
pWX1-AtB-F, containing the XbaI
site (underlined), is used to amplify
the AtB gene.
pWX1-AtB-R, containing the PstI
site (underlined), is used to amplify
the AtB gene.

pWS1-yafS-F

pWS1-yafS-R

pWX1-AtB-F

pWX1-AtB-R

GCTGCAGTTAATGATGATG
ATGATGATGCTCGAGAGCC
TGTGGTTTACG
CTCTAGAGATGGCAATGG
CTCCAGT
GCTGCAGTTAATGATGATG
ATGATGATGCTTGATAAGG
AAGAGACC
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3.2.2 Methods
3.2.2.1 Plasmid extraction and transformation and digestion
3.2.2.1.1 Plasmid extraction
Plasmids were extracted from E. coli cells using the NaOH/SDS alkaline lysis
plasmid mini-prep method (Zhou et al., 1990).

After overnight incubation in

LB/Ampr liquid media (Appendix 3), the cells were centrifuged at 8,500 g for 25
seconds and resuspended in remaining supernatant before adding 200 µL of 0.1M
NaOH/0.5% SDS and mixed gently.
added and mixed gently.

200 µL of 3 M sodium acetate (pH 5.4) was

The cell debris was removed by centrifugation at 8,500 g

in a microfuge for 15 mins after cooling on ice for 10 mins.

The supernatant was

removed and 2 volumn of 95% ethanol was added before centrifugation for 10 mins.
The supernatant was removed again and pellet was washed with 200 µL of 75%
ethanol before centrifugation for 5 mins.

The supernatant was removed and the

pellet, containing plasmid DNA, was resuspended in 30 µL of sterile dH2O after it
was dried.

3.2.2.1.2 Preparation of competent E. coli cells
One colony of the desired E. coli strain was inoculated to 10 mL LB liquid media
and grown overnight at 37°C.
until O.D600nm= 0.6-1.0.

The culture was then diluted 100 times and grown

The cells were then chilled on ice for 30 mins and

harvested at 5,000 g for 10 mins at 4°C, then resuspended in 1 volume ice cold dH2O
and centrifuged at 5,000 g for 10 mins at 4°C.

The supernatant was discarded and

the cells were resuspended in half a volume of ice-cold dH2O and centrifuged as
previously described.

The supernatant was discarded and the cells were resuspended

20 mL ice cold 10% glycerol and centrifuged as previously described.

The

supernatant was then discarded and the cells were resuspended in 5 mL ice cold 10%
glycerol, flash frozen using liquid nitrogen and stored at -80°C.
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3.2.2.1.3 Transformation
Electroporation was used for all transformations of plasmid DNA into E.coli
competent cells.

Approximately 50 ng of purifed plasmid was added to 40 L of

competent cells and electroporated using a Genepulser (BioRad, USA, 2 mm path
length microcuvette) with setting of 2.5 kV, 25 µFD and 200 Q.

The cells were

subjected to a single pulse and then suspended in 960 µL of SOC medium (Appendix
3).

After that, the cells were incubated with shaking at 37°C for 1 hour, and then

placed on LB agar plates and incubated overnight at 37°C.

3.2.2.1.4 Restriction digestion of plasmids
A typical restriction digestion included approximately 150 ng of sample DNA,
1/10 of total volume 10x multicore buffer, 0.2 µL RNase (Promega, USA) (10 mg/mL)
and 1 unit of restriction enzyme.
1.5 to 2 hours.

Restriction digestions were incubated at 37°C for

0.8% Tris-acetic acid EDTA (TAE) agarose gel was applied to

examine the digestion products.

3.2.2.2 Plasmids construction to express AtB, YafS and YHR209w proteins
3.2.2.2.1 PCR amplification
PCR amplifications were performed in 10 µL volumes.

A reaction mixture

consisted of 5 µL PCR master mix (2x) (50 units/mL Taq DNA polymerase, 400 µM
each dNTP, 3 mM MgCl2; Promega, USA), 1 µL of forward primer (10 µM), 1 µL of
reverse primer (10 µM), 3 ng template DNA and 2 µL of nuclease free water.

The

primers (synthesized by Sigma Aldrich (USA)) used in this study are listed in
Table3.4

The PCR amplification was performed in a Palm Cycler (Corbett Research,
USA).

The amplification was divided into 3 steps: (1) denaturing step: 94°C for 3

mins; (2) amplification step: 30 cycle of 94°C for 30 seconds, 50°C for 30 seconds,
72°C for 2 mins; (3) extension step: 72°C for 10 mins and held at 25°C.

The quality
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and relative quantity of PCR amplification product was examined on 0.8% agarose
gel.

3.2.2.2.2 Ligation
Ligation was performed using an insert to vector molar ratio of between 3:1 and
1:1, 1 unit of T4 DNA ligase (Promega, USA), 1 µL of ligation buffer (10 X) (Roche,
USA) and dH2O were added up to 10 µL.
overnight at 16°C.

The ligation mixture was incubated

After ligation, the DNA was precipitated out of solution by

addition of 1/10 volume of 3 M sodium acetate (pH 5.4) and 2 volume of 95% ethanol,
followed by cooling at -80°C for 20 mins.

This was centrifuged at room temperature

for 15 mins at 8,500 g and the pellet was washed with 75% ethanol.

The supernatant

was removed by a vacuum pump and the pellet was resuspended in 10 µL of sterile
dH2O.

3.2.2.2.3 The pGEM-T Easy Vector system
The pGEM-T Easy vector system is convenient for the cloning and sequencing
of PCR products (Promega, 1997).

This vector is prepared by cutting pGEM-T Easy

vector with EcoRV and adding a 3’-T (thymidine) to both ends.

This vector can

ligate with PCR products with A (adenosine) overhangs generated by Taq polymerases.
The pGEM-T Easy vector contains an α-peptide coding region of the enzyme
β-galactosidase.

Successful cloning of a PCR product into the pGEM-T Easy vector

interrupts the coding sequence of β-galactosidase.
identified by color screening on indicator plates.

The clones with the insert can be
The clones containing the insert

usually produce white colonies.

3.2.2.2.4 DNA sequencing
In order to verify the sequence of AtB, yafS and yhr209w gene, DNA sequencing
was performed.

The plasmids were diluted to 400 µL in sterile dH2O with additional

of 1 µL RNase A (10 mg/mL) and then incubated at 37°C for 20 mins.

After

incubation, an equal volume of chloroform was added and gently inverted 3 times
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prior to centrifugation in a microcentrifuge at 8,500 g for 2 mins.

The upper

aqueous layer, which contained DNA, was transferred to a new tube where 1/10
volume of 3 M sodium acetate and 2 volume of 95% ethanol were added before
incubation on ice for 10 mins.

The plasmid DNA was precipitated by centrifugation

in a microcentrifuge at 8,500 g for 15 minutes.

The pellet was washed with 200 µL

of 75% ethanol and centrifuged for a further 5 minutes.

The supernatant was

removed and the pellet was dissolved in 10 µL dH2O.

DNA sequences were determined by the dideoxy chain-termination method
(Sanger et al., 1997).

The sequencing was performed in 10 µL volumes consisted of

2 µL of primers (M13F and M13R, see Table.3.4) (1.6 µM), 300 ng DNA, 2 L of 5
X sequencing buffer (Applied Biosystems, USA), 0.5 µL of big dye (Applied
Biosystems, USA) and nuclease free water.
Palm Cycler (Corbett Research, USA).

The sequencing was performed in a

The sequencing amplification included 2

steps: (1) 30 cycles of a denaturing step at 96°C for 10 seconds followed by an
annealing step at 50°C for 5 seconds and then extension step at 60°C for 4 minutes. (2)
The sequencing products were held at 25°C.

After that, the sequencing products

were purified by ethanol precipitation by adding 1/10 volume 3 M sodium acetate and
2 volume 95% ethanol, mixing well and standing on ice for 10 minutes.
samples were centrifuged at 8,500 g for 20 minutes.

The

The pellet was washed with

75% ethanol and further centrifuged at 8,500 g for 5 minutes.

The air-dried pellet

was sequenced by the ABI PRISMTM 3130XL genetic analyzer (Applied Biosystems,
USA) and the results were assembled by ABI auto assembler (Applied Biosystems,
USA).

Sequencing analysis version 5.2 was used to analyze the assembled results.

3.2.2.2.5 Site-directed mutation of yhr209w gene
The mutagenesis reaction was performed in 20 µl, containing 200 ng of template
DNA, 0.2 µM primers, 200 µM dNTP, 1 unit of Pfu Turbo DNA polymerase.

Cycles

conditions were: 95°C for 5 min, followed by 25 cycles of 95°C for 45 seconds, 50°C
for 30 second and 70°C for 2min/kb plasmid DNA.

The Methylated DNA was
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removed by incubated with 10 unit of DpnI at 37°C for 1 hour.

3.2.2.3 Arsenite resistance assay of E. coli cell harbouring AtB, yafS and yhr209w
genes
To examine the function of AtB, YafS and YHR209w proteins, arsenite
resistance assays were performed with E. coli cells expressing these proteins.

E. coli

strains JM109 and AW3110 transformed with pWX1, pWS1 and pWK1, which
contained AtB, yafS and yhr209w genes respectively, were assayed with a range of
arsenite concentrations.

A single isolated colony was inoculated to 3 mL LB

medium containing 100 µg/mL ampicillin and incubated overnight at 37°C by shaking.
The overnight culture was diluted 50 times in 2 mL fresh LB medium containing 100
µg/mL ampicillin and different concentration of arsenite ranging from 0 to 300 µM,
and incubated at 37°C with shaking for another 5 hours until the control (without
arsenite) grew to O.D600nm = 1.0-1.5.

Assays at each concentration were

performed in triplicate and each experimental set was repeated twice.

3.2.2.4 Arsenite resistance assay of yeast wild-type strain BY4741 and yhr209w
knockout mutant
The yeast wild-type strain BY4741 and yhr209w knockout mutant were first
grown at 30°C for 2 days on GYP solid medium (Appendix 3).

For liquid assays, a

single isolated colony was inoculated to 2 mL GYP medium and incubated overnight
at 30°C by shaking (180 rpm).

The overnight culture was diluted 50 times in 2 mL

fresh GYP medium with different concentration of arsenite ranging from 0 to 2 mM
and incubated at 30°C by shaking (180 rpm) for further 20-24 hours.

Assays at each

concentration were performed in triplicate and each experimental set was repeated
twice.
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3.2.2.5 Bleomycin resistance assay of E. coli expressing ORF2 protein
To examine whether the ORF2 protein in the arsROrf2BC operon of CDB3 strain
is involved in bleomycin resistance, a bleomycin resistance assay was performed with
E. coli cells expressing the ORF2 protein. E. coli AW3110 strain was transformed
with pGEM-7 (vector) and pAR15 (which contains arsROrf2BC operon) and assayed
with a range of bleomycin concentrations.

A single isolated colony was inoculated

into 3 mL LB medium containing 100 µg/mL ampicillin and incubated overnight at
37°C by shaking.

The overnight culture was diluted 50 times in 2 mL fresh LB

medium containing 100 µg/mL ampicillin and different concentrations of bleomycin
ranging from 0 to 2 µM and incubated at 37°C with shaking for a further 6 hours until
the control (without bleomycin) grew to O.D600nm = 1.0-1.5.

Assays at each

concentration were performed in triplicate and each experimental set was repeated
twice.

3.2.2.6 Arsenite induction of YafS and YHR209w protein expression and
purification of YafS and YHR209w proteins
A single isolated colony was inoculated to 5 mL LB medium containing
100µg/mL ampicillin and incubated overnight at 30°C with shaking.

The overnight

culture was diluted 20 times to a total of 100 mL and incubated at 37°C with shaking
until the O.D. reached 0.5 to 1.0.

The 100 mL culture was induced with 100µM

arsenite and then incubated for further 1 hour.

The cells were then harvested by

centrifugation and resuspended in 8 ml of native binding buffer (Ni-NTA purification
system, InvitrogenTM).

3 mg/mL lysozyme was added.

After incubation on ice for

30 minutes, the cell lysate was centrifugated at 8,500 g for 10 minutes.

The

supernatant was removed and put into a new tube, and the pellet was resuspended in
100 µL 0.7% NaCl.

Both supernatant and pellet fractions were electrophoresised in

a 12% SDS-PAGE gel.

The Ni-NTA purification system, which is suitable for purification of 6x
His-tagged recombinant proteins, was used to purify the YafS and YHR209w proteins
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as both proteins were designed to be expressed as fusion proteins with a 6x histidine
tag.

The 8 mL lysate (the supernatant fraction) was added to the Ni-NTA

purification column.

After binding for 30-60 mins using gentle agitation to keep the

resin suspended in the lysate solution, the resin was settled by gravity and the
supernatant was poured off and stored at 4°C for SDS-PAGE analysis.

The resin

was washed with 8 mL native wash buffer for 4 times, settled by gravity and the
washings were stored at 4°C for SDS-PAGE analysis.

The protein was eluted from

the resin with 8 mL native elution buffer and was collected 1 mL/fraction for
SDS-PAGE analysis.
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3.3 Results
3.3.1 Functional assay of AtB protein expressed in E. coli
3.3.1.1 Construction of pWX1
The strategy for construction of pWX1 is shown in Fig 3.1A.

The AtB protein

was to be expressed as a member of an operon downstream of the arsenic inducible
promoter, ParsR, and arsR gene (the fusion site was indicated in Fig 3.1B), which
encodes a regulatory transcription repressor protein (Section 1.3.1.2).

The

expression of AtB protein is under the regulation of ArsR protein to permit the
induction by arsenite.

The AtB gene was amplified by PCR from pZXAt-B with primers pWX1-AtB-F
and pWX1-AtB-R.
reaction (Fig. 3.2A).

A fragment of approximately 1.5 kb was generated from PCR
To confirm the sequence correctness of the PCR product, the

amplified AtB gene fragment was cloned into pGEM-T Easy vector and generated
pWS-B to facilitate sequencing the amplified fragment.
was verified by restriction digestion (Fig. 3.2B).
strands using M13-F and M13-R primers.

The construct of pWS-B

pWS-B was sequenced on both

The sequencing result showed that the

DNA sequence of the amplified fragment was correct (Appendix 4.1).
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Fig. 3.1 The procedure of construction of AtB expression plasmid pWX1 (A) and operon
structure, nucleotide and deduced amino acid sequences of the fusion region between
arsR and the AtB gene (B). The AtB gene was expressed as part of the operon, which was
regulated by ArsR protein and over-expressed in the presence of arsenite. A 6x histidine tag
was added to the C-terminus of AtB protein to facilitate later purification.

Fig. 3.2 Agarose gel (0.8%) electrophoresis of AtB gene fragment after PCR
amplification (A) and pWS-B after restriction enzyme digestion pWS-B was digested
with XbaI and PstI, resulting in 3 kb fragment (pGEM-T Easy fragment) and 1.5 kb fragment
(AtB gene)

After verifying the sequence of the PCR product of AtB gene, the plasmids
pWS-B (containing insert) and pCW11-T easy (vector) were digested with XbaI and
PstI.

The AtB gene fragment was purified and ligated with the vector to form pWX1.
82

Chapter III

After transformation and plasmid extraction, restriction enzyme digestion with XbaI
and PstI was performed and the result verified the construct of the plasmid pWX1
(Fig. 3.3).

Fig. 3.3 Agarose gel (0.8%) electrophoresis of pWX1 after restriction enzyme digestion
The pWX1 was digested with XbaI and PstI, resulting in 3.84 kb fragment (pCW11 T-Easy
fragment) and 1.5 kb fragment (AtB gene).

3.3.1.2 Arsenic resistance of E. coli/pWX1
The arsenic resistance assay was carried out to examine the function of the AtB
protein when expressed in E. coli.

Plasmids pWX1 and pCW11-T Easy were

separately transformed into both E. coli JM109 and AW3110 strains. With an arsRBC
operon on chromosome, the JM109 strain is resistant to arsenic while AW3110 is
sensitive since the ars operon has been deleted (Section 3.2.1.1).

The arsenite

resistance assay was performed in LB/ampicillin liquid media containing a range of
arsenite concentrations (Fig. 3.4).

The E. coli strains transformed with pCW11- T

Easy were used as controls as pCW11-T Easy differs to pWX1 by only not harbouring
the AtB gene.
AW3110.

As expected, E. coli JM109 strain was less sensitive to arsenite than

The result showed that the E. coli cells harbouring pWX1 were apparently

slightly more sensitive to arsenite than those harbouring pCW11-T Easy, though it
was more apparent in JM109 (Fig. 3.4).

The T-test results showed that the difference

is significant with the P value less than 0.05.
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Fig. 3.4 Arsenite resistance assay of E. coli JM109 (A) and AW3110 (B) cells harbouring
pWX1 and pCW11-T Easy. In the range of arsenite concentrations: 50 µM, 100 µM and
250 µM, the P-values are 0.00087, 0.0022 and 0.0026 respectively in (A) and 0.0075, 0.0136
and 0.0187 respectively in (B).

3.3.2 Functional assays of YafS and YHR209w expressed in E. coli
3.3.2.1 Construction of pWS1 and pWK1
The strategy for the construction of pWS1 (harbouring yafS gene) and pWK1
(harbouring yhr209w gene) was similar to that for pWX1 (Fig. 3.1A), except that the
AtB gene was replaced by the yafS and yhr209w genes, respectively.

The yafS gene

was amplified by PCR from AW3110 genomic DNA with primers pWS1-yafS-F and
pWS1-yafS-R.

A fragment of approximately 800 bp was generated (Fig.3.5A).

The yhr209w gene was amplified from pGST-209w with primers pWK1-Yhr209w-F
and pWK1-Yhr209w-R.

A fragment of approximately 900 bp was generated (Fig.

3.5B).
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Fig. 3.5 Agarose gel (0.8%) electrophoresis of yafS gene (A) and yhr209w gene (B)
fragments after PCR amplification

The amplified fragments were cloned into the pGEM-T Easy vector and
generated pWS-yafS and pWS-209w to facilitate sequencing the amplified fragments.
The constructs of pWS-yafS and pWS-209w were verified by restriction digestion
(Fig. 3.6)

Fig. 3.6 Agarose gel (0.8%) electrophoresis of pWS-yafS (A) and pWS-209w (B) after
restriction enzyme digestion The pWS-yafS and pWS-209w were digested with XbaI and
PstI, resulting in a 3.0 kb fragment (pGEM T-Easy fragment), 0.8kb fragment (yafS gene) and
0.9 kb fragment (yhr209w gene).

Both plasmids were sequenced on both strands using M13-F and M13-R primers.
The sequencing result showed that the DNA sequence of the yafS gene fragment was
correct (Appendix 4.2).

However, the sequence of pWS-209w showed a mutation at

around 331 bp site when compared with published yhr209w sequence
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(http://www.yeastgenome.org): A “T “ was mutated to “C” (Fig 3.7).

DNA

sequencing was also performed on the template plasmid pGST-209w and the same
mutation was observed, indicating that the mutation is present in the template
plasmid.

Fig. 3.7 A base pair mutation found in pWS-209w and the template plasmids
pGST-209w. yhr209w stands for the DNA sequence retrieved from the database of
yeastgenome (http://www.yeastgenome.org).

In order to convert the mutated “C “ back to “ T “, a site-directed mutation was
performed using forward primer M-Yhr209w-F and reverse primer M-Yhr209w-R.
Enzyme pfu was used to amplify the plasmid pWS-209w and a fragment of
approximately 3.9kb was generated (Fig. 3.8A).

The template plasmid was removed

by treating with DpnI restriction enzyme which digests methylated DNA.

After

transformation and plasmid extraction, a restriction digestion with XbaI and PstI
enzymes was carried out to verify the construct of the plasmids (Fig. 3.8B).

DNA

sequencing was performed again with result confirming that the mutation had been
reverted and the rest of amplified yhr209w gene sequence was correct (Appendix 4.3).
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Fig. 3.8 Agarose gel (0.8%) electrophoresis of pWS-209w after PCR amplification for
mutagenesis (A), and restriction enzyme digestion of pWS-209w after the site-directed
mutation(B) A: Lane 1: the template pWS-209w used for amplification, lane 2:
amplification product, around 3.9kb, lane 3: amplification product after DpnI digestion (the
template pWS-209w was removed).
B: pWS-209w was digested with XbaI and PstI, resulting in 3.0 kb fragment (pGEM T-Easy
fragment) and 0.9 kb fragment (yhr209w gene).

After verifying the sequence of yafS and yhr209w gene fragments, they were
excised out of pWS-yafS and pWS-209w by XbaI and PstI digestion, and then ligated
with pCW11-T easy (vector) to form pWS1 and pWK1.

Since all three plasmids

have ampicillin resistance genes, pWS-yafS and pWS-209w were also digested with
ScaI (there is a ScaI site in the ampicillin resistance gene) for facilitating the
screening of the right clones.

After transformation and extraction of the plasmid, the

restriction enzyme digestion with XbaI and PstI confirmed the correct construct of
pWS1 and pWK1 (Fig. 3.9).
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Fig. 3.9 Agarose gel (0.8%) electrophoresis of pWS1 (A) and pWK1 (B) after restriction
enzyme digestion pWS1 and pWK1 were digested with XbaI and PstI, resulting in 3.84 kb
fragment (pCW11-T-Easy fragment), 0.8kb fragment (yafS gene) and 0.9 kb fragment
(yhr209w gene).

3.3.2.2 Arsenic resistance assays of E. coli/pWS1 and E. coli/pWK1
Arsenic resistance assays were carried out to examine the effects of yafS and
yhr209w genes expression in E. coli.

pWS1, pWK1 and pCW11-T Easy were

individually transformed into E. coli JM109 and AW3110 cells.

The arsenite

resistance assays were performed in LB/ampicillin liquid media containing a range of
arsenite concentrations (Fig. 3.10).

The pCW11- T Easy transformed E. coli strains

were used as control.

The result showed that E.coli JM109/pCW11-Teasy was less sensitive to arsenite
than AW3110/pCW11-T easy, as the ars operon of the AW3110 strain has been
knocked out.

In both E.coli strains, the cells harbouring pWS1 are more sensitive to

arsenite (Fig. 3.10A and B) (T-test indicated the different is significant with P-value
less than 0.05), which suggested that YafS protein conferred sensitivity to arsenite.
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Fig. 3.10 Arsenite resistance assays of E. coli JM109 (A, C) and AW3110 (B, D) cells
harbouring pWS1, pWK1 and pCW11- T Easy In a range of arsenite concentrations: 50
µM, 100 µM and 150 µM, the P-values are 0.00001, 0.0016 and 0.0015 respectively in (A),
0.0024, 0.0012 and 0.0017 respectively in (B), 0.1702, 0.0204 and 0.0012 respectively in (C)
and 0.0727, 0.0323 and 0.0371 respectively in (D).

However, in low arsenite concentrations, for example, 50µM, there was no
significant difference in the growth rate between the E.coli cells harbouring pWK1
and pCW11-T Easy with P-value large than 0.05 (Fig. 3.10C and D).

When the

concentration increased, The E.coli cells harbouring pWK1 were apparently slightly
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more sensitive to arsenite than the E.coli cells harbouring pCW11-T easy (T-test
results showed that the difference is significant with P-value less than 0.05).

3.3.2.3 Expression and purification of YafS and YHR209w proteins
To examine the expression levels of YafS and YHR209w proteins, both E. coli
JM109/pWS1 and JM109/pWK1 cell lines were induced by 100 µM arsenite.

Two

controls were included in this experiment: E. coli JM109 harbouring pCW11-T Easy
and E. coli JM109 harbouring pCW15, which has a similar construct to pWS1 and
pWK1 except the yafS and yhr209w genes replacing by LacZ gene.

Previous

β-galactosidase assays (Su, 2004) demonstrated that when E. coli cells harbouring
pCW15 was induced by 100 µM arsenite, a strong β-galactosidase activity was
observed (13 fold higher than that without arsenite induction), suggesting that 100 µM
arsenite was a suitable concentration for the induction of the ars operon.

After

protein expression, the soluble and insoluble fractions were examined by SDS-PAGE
electrophoresis (Fig. 3.11).

The results showed that a clear band corresponding approximately to 115 kDa
(size of LacZ protein) was found in both soluble and insoluble fractions of the E. coli
cells bearing pCW15, especially in the insoluble fraction, demonstrating the
efficiency of the two-gene operon construct controlled by the arsR promoter and ArsR
repressor.

However, compared with the two controls, there was no apparent band of

27.3 kDa (the size of YafS protein) or 33.7 kDa (the size of YHR209w protein) found
in either of the soluble and insoluble fractions of the E. coli cells bearing pWS1 or
pWK1.
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Fig. 3.11 SDS-PAGE (12%) analysis of soluble (s) and insoluble (is) fractions of E. coli
JM109 cells harbouring pCW11- T Easy, pCW15, pWS1 or pWK1 induced by 100 M
arsenite. Lane s_p11 to s_pWK1: the soluble fraction of E. coli JM109 cells harbouring
pCW11- T Easy, pCW15, pWS1 and pWK1 respectively, lane is_p11 to is_pWK1: the
insoluble fraction of E .coli JM109 cells harbouring pCW11- T Easy, pCW15, pWS1 and
pWK1 respectively.

To detect the possible presence of small amounts of YafS and YHR209w proteins,
not visible in SDS-PAGE gels, Ni-NTA columns were used to purify the YafS and
YHR209w proteins as a 6x histine tag at the C-terminus of these proteins.
soluble fraction was applied for protein purification.

The

To verify that the Ni-NTA

column was working, a protein of approximately 47 kDa with a 6x histine tag, was
used as a control.

The result showed the control was purified successfully and it

demonstrated that the effectiveness of Ni-NTA column (Fig. 3.12A).

However, no

protein was harvested from the E. coli/ pWS1 (Fig. 3.12 B) and E. coli/ pWK1 soluble
fraction (gel photo not shown).

91

Chapter III

Fig.3.12 SDS-PAGE (12%) analysis of purification results of a control protein (A) and
YafS (B) A: lane 1: whole cell lysate, lane 2: eluate collected from binding step, lane 3:
eluate collected from washing step, and lane 4: the purified protein. B: lane 1: cell lysate
collected from binding step, lane 2: whole cell lysate, lane 3: cell lysate collected from
washing step, and lane 4: the purified fraction.

3.3.2.4 Arsenite resistance assay of yeast wild-type strain BY4741 and yhr209w
mutant
To examine the function of YHR209w protein in yeast, arsenite resistance assays
were performed with yeast wild-type strain BY4741 and the yhr209w mutant (the
strain with yhr209w gene knocked out) at a range of arsenite concentrations (Fig.
3.13).

In low arsenite concentrations, for example, 0.5 mM and 1 mM, there was no

significant difference in the growth rate between yeast wild-type strain BY4741 and
yhr209w mutant with P-value large than 0.05.

When the concentration increased,

The wild-type strain was apparently slightly more sensitive to arsenite than the
yhr209w mutant (T-test results showed that the different is significant with P-value
less than 0.05), indicating that the YHR209w protein confers sensitivity to arsenite.
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Fig. 3.13 Arsenite resistance assay of yeast wild-type strain BY4741 and yhr209w mutant
In a range of arsenite concentrations: 0.5mM, 1 mM, 1.5 mM and 2 mM, the P-values are 1,
0.1517, 0.0172 and 0.0023 respectively

3.3.3 Bleomycin resistance assay of E. coli expressing the ORF2 protein
A bleomycin resistance test was carried out to examine whether the function of
ORF2 protein was relevant to bleomycin resistance.

Plasmids pAR15 (containing

the arsROrf2BC operon) and pGEM-7 (the vector used as the negative control) were
transformed into E. coli AW3110 cells.

The assay was performed in LB/ampicillin

liquid media containing a range of bleomycin concentrations (Fig. 3.14).

E. coli

cells transformed with pAR15 were more resistant to bleomycin than E. coli cells
transformed with pGEM-7.

For example, with 0.5 µM bleomycin, the growth rate

was 94.1% with E. coli AW3110/pAR15, while it was 47.4% with the control,
indicating the positive effect of orf2 gene expression on bleomycin resistance.
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Fig. 3.14 Bleomycin resistance assay of ORF2 protein expressed in E. coli AW3110. The
comparison of the effect of bleomycin on the growth of E. coli cells harbouring pAR15 and
harbouring pGEM-7 (as control).
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3.4 Discussion
Following the predictions using bioinformatics tools, laboratory work was
carried out attempting to test the assumed protein functions.

Simple E. coli cell system was chosen for this task in my study.

Since I

attempted to investigate the protein functions at both physiological and biochemical
levels in relation to arsenic resistance or sensitivity, a mini ars operon-like structure
was designed for expressing all the three query genes AtB, yafS and yhr209w.

In

addition, the bacterium produced target proteins would have 6x his tags at their
C-termini so that purification of the recombinant proteins for further study is possible.
The two-gene operon expression structure has been proved successful using the
arsR-lacZ construct (pCW15).

Su (2004) previously found significantly induced

β-galactosidase activity and, in this study, the LacZ protein expressed upon arsenite
induction was detected by SDS-PAGE.

Therefore, the AtB, YafS and YHR209w

proteins were expected to be expressed in the presence of arsenite.

Compared with the control, the E. coli cells harbouring the AtB gene were
slightly more sensitive to arsenite which is opposite to the known function of the
bacterial ArsB proteins (Section 1.3.1).

However, conclusion that the AtB protein

confers sensitivity to arsenite could not be drawn yet.

As it is quite possible that the

AtB protein had either failed to be expressed or it may have failed to fold or form the
correct topology and therefore could not function in the E. coli cells.

Although some

eukaryotic membrane proteins such as the rabbit liver microsomal P450 cytochrome
have been reported successfully expressed in bacteria (Pernecky et al., 1993),
bacterial systems are generally not suitable for expression of such type of proteins.
The slight drop in growth rate for the E. coli cells harbouring AtB gene was probably
caused by more energy consumed when the host cells tried to express a foreign
protein or toxic effect by the hydrophobic membrane protein produced.

Further

experiments will best to be carried out by expression of the AtB protein in plant cells.
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It was also unfortunate that no recombinant YafS and YHR209w proteins were
not detectable in the induced cells, not only visualized in the protein gel but also after
affinity purification. Compared with the AtB protein, they are much smaller and not
membrane bound, therefore, it was assumed that they could be expressed better.
There are many possible reasons that caused this.

Gene expression is a multi-step

process including transcription, post transcriptional modification, translation, and
post-translational modification. That any step of gene expression goes wrong will
result in failure of expression.

In addition, the degradation by proteases is a possible

reason that leads to failure to detect the two proteins, as large amount of LacZ protein
(the control) was found in the insoluble fraction, which possibly formed the inclusion
body and was prevented the degradation by proteases.

In future experiments, these

proteins can be expressed in E. coli strains with minimal protease activities, such as
BL21, which is more commonly used for recombinant protein expression.

However, the significant increase in arsenic sensitivity observed in the pWS1
transformed cells was an indication that it might have been synthesized, although at a
much lower level, and even functioned.

If this was the case, the expression of the

putative E. coli arsenite methyltransferase was shown to have a negative effect on
arsenic resistance.

This is opposite to the finding that the arsM gene in

Halobacterium sp. is conferring resistance to arsenic (Section 1.6.1).

As the yeast wild-type BY4741 and yhr209w mutant strains were obtainable
commercially, it was also possible to test the YHR209w protein for arsenite resistance
in yeast. The wild-type strain was apparently slightly more sensitive to arsenite than
the yhr209w mutant at higher arsenite concentration, suggesting that YHR209w
protein may confer slight sensitivity to arsenite.

However, YHR209w is a putative

yeast arsenic methyltransferase and its biochemical function needs to be further
examined.
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In the bleomycin resistance assay, E. coli AW3110 cells harbouring pAR15,
containing the arsROrf2BC operon showed resistance to bleomycin.

It is assumed

that the functions of ArsR, ArsB and ArsC proteins are not involved in bleomycin
resistance (no literatures report), so this increased bleomycin resistance is attributed to
the function of the ORF2, which confirmed the bioinformatics prediction result.
However, this will need to be confirmed further with singly expressed ORF2.

This

gene is part of the ars operon, but its function in arsenic metabolism is still unknown.
Purified ORF2 protein will allow detailed biochemical characterisation in terms of its
role in bleomycin resistance and arsenic metabolism.
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Chapter IV

Final Discussion and Conclusions
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4.1 The important role of bioinformatics in biological sciences
Biological scientists gathered a huge amount of information, including DNA
sequences, protein sequences, networks of protein-protein interactions and diverse
forms of structural information.

The challenges of managing and interpreting these

biological data gave rise to an interdisciplinary science, called bioinformatics.

This

relies on the contribution of different fields, including biology, computer science,
mathematics and statistics.

Bioinformatics analysis can give researchers substantial

predictive power before they carry out the relevant experiments.

In addition,

bioinformatics analysis can give researchers great summary power, for example, the
characteristics of a protein or a gene family can be summarized through
bioinformatics analysis, an impossibly large task by individual experiments.

In this

study, a range of bioinformatics programs and databases were used to reveal the
relationship between arsenic pump proteins, to search for the potential arsenic
methyltransferases of Arabidopsis thaliana and E. coli, and to predict the function of
ORF2 protein in arsROrf2BC operon of Bacillus sp. CDB3 strain.

All these

achievements are attributed to the development of modern bioinformatics.

4.2 The widespread occurrence of arsenic pump genes is probably
caused by horizontal gene transfer events
Although arsenic extrusion is the major arsenic resistance pathway in bacteria
and yeast, the genes responsible for arsenic pumps are ubiquitous.
distribution of these three classes’ genes is different.

However, the

Low homology and different

specificities among the members from these three families implies they evolve
independently, and widespread of each family’s arsenic pump proteins is possibly
caused by horizontal gene transfer (HGT) events (Woese, 1987).

HGT events are

not only found in bacteria but also in higher organisms, in which genes are transferred
from their chloroplast and mitochondrial genomes to the nuclear genome.

The genes

of mitochondria and chloroplasts possibly evolved from bacterial endosymbionts
(Blanchard and Lynch, 2000), as stated in the endosymbiotic theory.

Horizontal
99

Chapter IV

gene transfer has also been found between kingdoms with bacteria and viruses serving
as intermediaries (Salzberg et al., 2001).

The transfer of genes from Agrobacterium

tumefaciens into plant genomes is a good example of horizontal gene transfer events
between kingdoms (Bertolla et al., 1999).

Another example is the gene transfer from

bacteria to yeasts and filamentous fungi (Bundock et al., 1995).

Since arsenic is a

common toxic element found in many environments, the spread of arsenic pumps is
probably due to HGT events coupled with selective pressures.

4.3 Possible double functions of ORF2 protein in arsROrf2BC operon
It has been suggested that metal contamination in natural environments had a
significant role in proliferation of antibiotic resistance, as metals are not subject to
degradation and represented a long-term selection pressure (Stepanauskas et al., 2005).
Co-selection with linkage of antibiotic- and metal-resistance genes had been
demonstrated.

In this study, a bioinformatics approach was used to predict the

function of the ORF2 gene in the arsROrf2BC operon.

The preliminary analysis

indicated that the ORF2 protein is possibly associated with bleomycin resistance and
arsenic metabolism.

The functional assay confirmed the function of ORF2 is

capable of conferring bleomycin resistance.

The function of ORF2 protein is

probably associated with arsenic metabolism as it has potential arsenite binding sites
(three cysteine pairs: Cys95-Cys96, Cys132-Cys133 and Cys144-Cys145) (Section
2.3.2.1).

Cross-resistance, the same genetic element responsible for resistance to

metals and antibiotics, has been characterized in bacteria.

For example, the

tetracycline efflux protein confers resistance to tetracycline and cobalt (Austin et al.,
2006).

ArsD protein in the E. coli arsRDABC operon, which has three cysteine pairs,

was reported to function as the second repressor to regulate transcription of the
operon (Rosen, 1999) and as an arsenic chaperone to transfer arsenite to ArsA protein
and assist the extrusion of arsenite (Lin et al., 2006).

The ORF2 protein probably

has a similar function and works as an arsenic chaperone to facilitate the extrusion of
arsenite by ArsB protein.
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4.4 Conclusions
The combined approach of bioinformatics and molecular biology has enabled
prediction and experimental tests of some potential new members of
arsenic-resistance associated proteins, although it is a pity that the time constraint for
my Masters Course (12 months) did not allow the final functional confirmations.
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Appendices:

Appendix 1: Accession numbers of arsenic pump proteins from the three families
used in PRSS, membrane topology, and phylogenetic analysis
Species Name
Acidiphilium multivorum
Alcaligenes faecalis
Enterobacter cloacae
Escherichia coli_pR773
Klebsiella oxytoca
Leptospirillum ferriphilum
Pseudomonas stutzeri
Rhodopseudomonas
palustris
Salmonella typhimurium
Serratia marcescens
Shewanella putrefaciens
Shewanella sp.
Shigella flexneri
Shigella sonnei
Yersinia enterocolitica
Yersinia pestis
Acinetobacter baumannii
Bacillus subtilis
Carboxydothermus
hydrogen
Corynebacterium efficiens
Croceibacter atlanticus
Cytophaga hutchinsonii
Dehalococcoides sp
Desulfovibrio desulfuricans
Flavobacteria bacterium
Geobacillus kaustophilus
Geobacter sulfurreducens
Nocardioides sp
Nostoc punctiforme
Polynucleobacter sp
Sphingopyxis alaskensis
Streptomyces ambofaciens

Protein accession number
ArsB family
BAA24823
AAS45119
AAO16022
P08691
AAF89641
AAY85171
AAU03123
NP_947603

rRNA accession number

BAB91586
CAB88405
ZP_00813532
ZP_00852714
YP_690857
YP_312518
NP_052439
NP_406810
YqcL family (Prokaryotes)
CAJ77016
BAA12433
YP_359939

X80681

NP_737485
ZP_00949048
YP_678127
ZP_01139514
YP_389282
ZP_01201232
YP_146441
NP_953996
ZP_00659224
ZP_00108510
ZP_01493809
YP_617446
CAK50865

AB006711
AJ277669
AF511434

M87049
Y17655
AY485647
AJ270451
BX572607

AJ297950

-AF136392
CP000266
CP000038
Z49830
AJ414141
X81667
AJ277905
CP000141
BA000035

AY163576
CP000383
AY165308
CP000112
AY028207
BA000043
AE017180
AF498652
AF027655
AJ879783
CP000356
M27245
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Syntrophus aciditrophicus
Saccharomyces cerevisiae
Bos taurus
Canis familiaris
Drosophila melanogas
Equus caballus
Gallus gallus
Homo sapiens
Macaca fascicularis
Mus musculus
Rattus norvegicus
Saccharomyces cerevisiae
Bacillus thuringiensis
Erwinia carotovora
Escherichia coli CFT073
Escherichia coli 536
Lactobacillus casei
Lactobacillus delbrueckii
Silicibacter sp
Staphylococcus
saprophyticus
Symbiobacterium
thermophilum
Synechococcus elongatus
Synechococcus sp. WH8102
Thermosynechococcus
elongatus
Trichodesmium erythraeum
Yersinia pseudotuberculosis
Zymomonas mobilis

YP_462982
YqcL family (Eukaryotes)
NP_015527
MRP1 family (Eukaryotes)
BAC15550
AAQ23148
NP_995692
ABF06464
XP_414899
NP_063957
AAN65349
AAB80938
AAN86532
P39109
MRP1 family (Prokaryotes)
YP_035102
YP_049265
NP_752500
YP_668438
YP_806808
YP_813225
YP_611240
YP_300476

AE017355
BX950851
AE014075
CP000247
CP000423
CP000412
CP000375
AP008934

YP_074462

AP006840

YP_172900
NP_896288
NP_681752

AP008231
BX569694
BA000039

YP_722003
YP_069513
YP_163525

AABK04000002
BX936398
AE008692

CP000252

------------
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Appendix 2: 26 predicted methyltransferases (including predicted
SAM-dependent methyltransferases) retrieved from E. coli W3110 databases
Protein_ID
BAB96650

BAA77881
BAA77884
BAE76234
BAE76337
BAA35473
BAA35530
BAA35667

BAA35703
BAA35732
BAE76375

BAA15059
BAA15648

Protein definition
S-adenosyl-dependent
methyltransferase activity
on membrane-located
substrates
predicted SAM-dependent
methyltransferase
predicted SAM-dependent
methyltransferase
predicted
methyltransferase
predicted SAM-dependent
methyltransferase
predicted SAM-dependent
methyltransferase
predicted SAM-dependent
methyltransferase
SAM-dependent
methyltransferase

Protein_ID
BAA15680

Protein definition
predicted
methyltransferase

BAA15681

predicted
methyltransferase
predicted
methyltransferase
predicted SAM-dependent
methyltransferase

BAE77192

predicted
methyltransferase
predicted
methyltransferase
predicted
methyltransferase
predicted
methyltransferase
predicted
methyltransferase
predicted
methyltransferase
predicted
methyltransferase small
domain
predicted
methyltransferase
predicted
methyltransferase
predicted
SAM-dependent
methyltransferase
predicted
methyltransferase
predicted
methyltransferase

predicted SAM-dependent
methyltransferase
predicted
methyltransferase

BAE76696
BAA16426
BAE76751
BAA16467
BAE76878
BAE77134

BAE77303
BAE77797

BAE77828
BAE78298
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Appendix 3: Media and Solutions
Growth Media
LB Broth and Agar
Bacto-Tryptone
Yeast Extract
NaCl
Agar (for solid media)

10
5
10
15

g/L
g/L
g/L
g/L

GYP Broth and Agar
Yeast Extract
Bacto-Tryptone
Glucose
Agar (for solid media)

5 g/L
10 g/L
20 g/L
15 g/L

SOC Media
Bacto-Tryptone
Yeast Extract
NaCl
KCl
Glucose (added after autoclaving)
MgSO4 (added after autoclaving)

10 g/L
5 g/L
10 g/L
2.5 g/L
20 g/L
10 g/L

Buffers and Solutions
0.8% Agarose Gel
DNA Grade Agarose
Ethidium Bromide
TAE Buffer

8 g/L
150 µg/L
1 X

50 x TAE
EDTA (0.5M, pH 8.0)
Tris base
Glacial Acetic Acid

100 mL
242.2 g/L
57.1 mL
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1 x SDS gel-loading buffer
Tris-Cl (pH 6.8)
Dithiothreitol
SDS
bromophenol blue
glycerol

50 mM
100 mM
20 g/L
1 g/L
100 g/L

Tris-glycine electrophoresis buffer (pH 8.3)
Tris
Glycine
SDS

25 mM
250 mM
1 g/L
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Appendix 4: Comparison of nucleotide sequences of PCR
products and those obtained from databases
Appendix 4.1: Nucleotide sequence comparison of AtB genes amplified from
pZXAt-B and the AtB gene sequence obtained from GenBank databases
1

11

21

31

41

AtB-PCR-R

--------------------------------------------------

AtB

ATGGCAATGGCTCCAGTAATAAAGCTGGTCTTAGGTTCAGTTGCCTTTGC

AtB-PCR-F

CTCTAGAGATGGCAATGGCTCCAGTAATAAAGCTGGTCTTAGGTTCAGTTGCCTTTGC
51

61

71

81

91

AtB-PCR-R

--------------------------------------------------

AtB

CATTTTCTGGATATTAGCAGTGTTTCCCTCTGTACCATTCCTACCAATTG

AtB-PCR-F

CATTTTCTGGATATTAGCAGTGTTTCCCTCTGTACCATTCCTACCAATTG
101

111

121

131

141

AtB-PCR-R

--------------------------------------------------

AtB

GTCGAACCGCCGGTTCTCTGTTCGGTGCAATGCTAATGGTTATCTTCCAA

AtB-PCR-F

GTCGAACCGCCGGTTCTCTGTTCGGTGCAATGCTAATGGTTATCTTCCAA
151

161

171

181

191

AtB-PCR-R

--------------------------------------------------

AtB

GTGATAACCCCGGAACAAGCTTATGCAGCCATTGATCTCCCGATACTCGG

AtB-PCR-F

GTGATAACCCCGGAACAAGCTTATGCAGCCATTGATCTCCCGATACTCGG
201

211

221

231

241

AtB-PCR-R

--------------------------------------------------

AtB

TCTTCTCTTTGGAACGATGGTTGTTAGTATATACCTTGAGAGAGCTGATA

AtB-PCR-F

TCTTCTCTTTGGAACGATGGTTGTTAGTATATACCTTGAGAGAGCTGATA
251

261

271

281

291

AtB-PCR-R

--------------------------------------------------

AtB

TGTTCAAGTACTTAGGCACATTGCTTTCGTGGAAAAGCAGAGGTCCGAAA

AtB-PCR-F

TGTTCAAGTACTTAGGCACATTGCTTTCGTGGAAAAGCAGAGGTCCGAAA
301

311

321

331

341

AtB-PCR-R

--------------------------------------------------

AtB

GACTTGCTATGTAGAGTCTGTCTTGTTTCCGCTGTTTCAAGCGCTCTGTT

AtB-PCR-F

GACTTGCTATGTAGAGTCTGTCTTGTTTCCGCTGTTTCAAGCGCTCTGTT
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351

361

371

381

391

AtB-PCR-R

--------------------------------------------------

AtB

TACTAACGATACATCTTGTGTGGTTTTAACCGAGTTTGTGTTGAAGATCG

AtB-PCR-F

TACTAACGATACATCTTGTGTGGTTTTAACCGAGTTTGTGTTGAAGATCG

AtB-PCR-R

--------------------------------------------------

AtB

CTAGGCAAAAGAATCTCCCGCCTCACCCGTTTTTGCTCGCTTTAGCCACG

AtB-PCR-F

CTAGGCAAAAGAATCTCCCGCCTCACCCGTTTTTGCTCGCTTTAGCCACG

401

451

411

461

421

471

431

481

441

491

AtB-PCR-R

--------------------------------------------------

AtB

AGTGCGAATATTGGTTCTTCTGCTACTCCCATTGGGAATCCGCAGAATCT

AtB-PCR-F

AGTGCGAATATTGGTTCTTCTGCTACTCCCATTGGGAATCCGCAGAATCT

AtB-PCR-R

--------------------------------------------------

AtB

TGTTATTGCGGTTCAAAGCAAGATCCCGTTTTGGGAGTTTCTTCTTGGTG

AtB-PCR-F

TGTTATTGCGGTTCAAAGCAAGATCCCGTTTTGGGAGTTTCTTCTTGGTG

501

551

511

561

521

571

531

581

541

591

AtB-PCR-R

--------------------------------------------------

AtB

TTTTTCCTGCGATGATTGTTGGTATTACCGTTAACGCTATGCTTCTTCTC

AtB-PCR-F

TTTTTCCTGCGATGATTGTTGGTATTACCGTTAACGCTATGCTTCTTCTC

AtB-PCR-R

--------------------------------------------------

AtB

GGTATGTATTGGCGGTTATTGTCAGATCATAAAGAGGATGAAGAAGAAGT

AtB-PCR-F

GGTATGTATTGGCGGTTATTGTCAGATCATAAAGAGGATGAAGAAGAAGT

601

651

611

661

621

671

631

681

641

691

AtB-PCR-R

--------------------------------------------------

AtB

ACAAAATGCTGATTCTGAAGTTGTTGCCCAAGAAGATGTCCAATCTCATA

AtB-PCR-F

ACAAAATGCTGATTCTGAAGTTGTTGCCCAAGAAGATGTCCAATCTCATA

AtB-PCR-R

------------------------------------AAGATTCGAACTTG

AtB

GGTTCTCGCCAGCTACATTTTCGCCAGTCTCATCCGAAGATTCGAACTTG

AtB-PCR-F

GGTTCTCGCCAGCTACATTTTCGCCAGTCTCATCCGAAGATTCGAACTTG

701

751

711

761

721

771

731

781

741

791

AtB-PCR-R

AGAATGGATGCCGCCGAGACTCTCAGAAACAGAGCGGGTTCAGCGGGTGA

AtB

AGAATGGATGCCGCCGAGACTCTCAGAAACAGAGCGGGTTCAGCGGGTGA

AtB-PCR-F

AGAAT---------------------------------------------
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801

811

821

831

841

AtB-PCR-R

GAGCGAGTTAATAAGCTGCAATTCAAATGCGTCGAGAGAACAACACAACG

AtB

GAGCGAGTTAATAAGCTGCAATTCAAATGCGTCGAGAGAACAACACAACG

AtB-PCR-F

--------------------------------------------------

AtB-PCR-R

ACGCAGAGTCTCAAGGAGAGAGCAATAATACCAACAATATGTTCCAGACC

AtB

ACGCAGAGTCTCAAGGAGAGAGCAATAATACCAACAATATGTTCCAGACC

AtB-PCR-F

--------------------------------------------------

851

901

861

911

871

921

881

931

891

941

AtB-PCR-R

AAGAGATGGAGAAGAGTTTTATGGAAATCAAGTGTTTATTTCATCACATT

AtB

AAGAGATGGAGAAGAGTTTTATGGAAATCAAGTGTTTATTTCATCACATT

AtB-PCR-F

--------------------------------------------------

AtB-PCR-R

AGGAATGCTAATATCTCTGCTTATGGGTTTAAACATGTCGTGGACCGCAA

AtB

AGGAATGCTAATATCTCTGCTTATGGGTTTAAACATGTCGTGGACCGCAA

AtB-PCR-F

--------------------------------------------------

951

1001

961

1011

971

1021

981

1031

991

1041

AtB-PCR-R

TTACCGCGGCTCTAGCACTCGTGGTTCTTGATTTCAAAGACGCAAGGCCG

AtB

TTACCGCGGCTCTAGCACTCGTGGTTCTTGATTTCAAAGACGCAAGGCCG

AtB-PCR-F

--------------------------------------------------

AtB-PCR-R

TCTCTCGAGAAGGTATCGTATTCGCTTTTGATCTTTTTCTGCGGGATGTT

AtB

TCTCTCGAGAAGGTATCGTATTCGCTTTTGATCTTTTTCTGCGGGATGTT

AtB-PCR-F

--------------------------------------------------

1051

1101

1061

1111

1071

1121

1081

1131

1091

1141

AtB-PCR-R

CATAACCGTTGATGGATTCAACAAAACTGGTATCCCTACCGCTCTATGGG

AtB

CATAACCGTTGATGGATTCAACAAAACTGGTATCCCTACCGCTCTATGGG

AtB-PCR-F

--------------------------------------------------

AtB-PCR-R

ACCTAATGGAGCCATATGCCAAAATTGATCAAGCCAAAGGAATCGCGGTT

AtB

ACCTAATGGAGCCATATGCCAAAATTGATCAAGCCAAAGGAATCGCGGTT

AtB-PCR-F

--------------------------------------------------

1151

1201

1161

1211

1171

1221

1181

1231

1191

1241

AtB-PCR-R

CTAGCAGTTGTGATTCTTGTCCTCTCCAATGTAGCCTCTAATGTACCAAC

AtB

CTAGCAGTTGTGATTCTTGTCCTCTCCAATGTAGCCTCTAATGTACCAAC

AtB-PCR-F

--------------------------------------------------
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1251

1261

1271

1281

1291

AtB-PCR-R

CGTGCTTTTGTTGGGAGCAAGAGTGGCGGCATCAGCGATGGGGAGGGAGG

AtB

CGTGCTTTTGTTGGGAGCAAGAGTGGCGGCATCAGCGATGGGGAGGGAGG

AtB-PCR-F

--------------------------------------------------

AtB-PCR-R

AGGAGAAGAAGGCGTGGTTGTTGCTGGCGTGGGTGAGCACAGTGGCTGGA

AtB

AGGAGAAGAAGGCGTGGTTGTTGCTGGCGTGGGTGAGCACAGTGGCTGGA

AtB-PCR-F

--------------------------------------------------

1301

1311

1351

1361

1321

1371

1331

1381

1341

1391

AtB-PCR-R

AACTTGACGTTGCTTGGTTCAGCAGCAAACCTGATAGTGTGTGAGCAAGC

AtB

AACTTGACGTTGCTTGGTTCAGCAGCAAACCTGATAGTGTGTGAGCAAGC

AtB-PCR-F

--------------------------------------------------

AtB-PCR-R

TCGTAGAGCAGTGAGCCATGGATACACTCTCACTTTCACTAAACATTTCA

AtB

TCGTAGAGCAGTGAGCCATGGATACACTCTCACTTTCACTAAACATTTCA

AtB-PCR-F

--------------------------------------------------

1401

1411

1451

1461

1421

1471

1431

1481

1441

1491

AtB-PCR-R

AATTCGGTTTGCCTTCAACACTCATCGTCACTGCGATTGGTCTCTTCCTT

AtB

AATTCGGTTTGCCTTCAACACTCATCGTCACTGCGATTGGTCTCTTCCTT

AtB-PCR-F

--------------------------------------------------

AtB-PCR-R

ATCAAGCATCATCATCATCATCATTAACTGCAGC

AtB

ATCAAGTAA

AtB-PCR-F

---------

1501

6x histidine tag

Fig.1. Multiple sequence alignments among AtB-PCR-F (the sequencing result from
M13-F primer), AtB-PCR-R (the sequencing result from M13-R primer) and AtB
sequence from the GenBank databases. The restriction enzyme digestion sites (XbaI and
PstI), 6x histidine tag, and the duplicated site between two sequence products are indicated.
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Appendix 4.2: Nucleotide sequence comparison of yafS genes amplified from E. coli
AW3110 genomic DNA and the one obtained from GenBank databases

1
yafS

11

21

31

41

CTCTAGAGATGAAACCGGCAAGAGTCCCTCAAACTGTCGTGGCTCCTGATTGCTGGGG

yafS_F

ATGAAACCGGCAAGAGTCCCTCAAACTGTCGTGGCTCCTGATTGCTGGGG

yafS_R

-------------------------------------------------51

61

71

81

91

yafS

CGATTTGCCCTGGGGAAAGCTTTATCGCAAGGCGCTGGAGCGCCAGCTCA

yafS_F

CGATTTGCCCTGGGGAAAGCTTTATCGCAAGGCGCTGGAGCGCCAGCTCA

yafS_R

-------------------------------------------------101

111

121

131

141

yafS

ACCCGTGGTTCACTAAAATGTATGGTTTTCATCTGCTTAAGATTGGCAAT

yafS_F

ACCCGTGGTTCACTAAAATGTATGGTTTTCATCTGCTTAAGATTGGCAAT

yafS_R

-------------------------------------------------151

161

171

181

191

yafS

TTAAGCGCAGAAATCAATTGCGAAGCGTGCGCGGTTTCTCATCAAGTGAA

yafS_F

TTAAGCGCAGAAATCAATTGCGAAGCGTGCGCGGTTTCTCATCAAGTGAA

yafS_R

--------------------------------GGTTTCTCATCAAGTGAA
201

211

221

231

241

yafS

TGTTTCTGCGCAAGGAATGCCCGTCCAGGTACAGGCGGACCCACTTCATC

yafS_F

TGTTTCTGCGCAAGGAATGCCCGTCCAGGTACAGGCGGACCCACTTCATC

yafS_R

TGTTTCTGCGCAAGGAATGCCCGTCCAGGTACAGGCGGACCCACTTCATC
251

261

271

281

291

yafS

TTCCTTTTGCCGATAAATCCGTTGATGTTTGTCTACTGGCACATACATTG

yafS_F

TTCCTTTTGCCGATAAATCCGTTGATGTTTGTCTACTGGCACATACATTG

yafS_R

TTCCTTTTGCCGATAAATCCGTTGATGTTTGTCTACTGGCACATACATTG
301

311

321

331

341

yafS

CCGTGGTGCACCGATCCGCATCGTTTATTGCGTGAAGCCGATCGGGTATT

yafS_F

CCGTGGTGCACCGATCCGCATCGTTTATTGCGTGAAGCCGATCGGGTATT

yafS_R

CCGTGGTGCACCGATCCGCATCGTTTATTGCGTGAAGCCGATCGGGTATT
351

361

371

381

391

yafS

GATTGATGATGGCTGGCTGGTCATTAGTGGCTTCAATCCCATCAGTTTTA

yafS_F

GATTGATGATGGCTGGCTGGTCATTAGTGGCTTCAATCCCATCAGTTTTA

yafS_R

GATTGATGATGGCTGGCTGGTCATTAGTGGCTTCAATCCCATCAGTTTTA
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401

411

421

431

441

yafS

TGGGATTACGCAAACTTGTGCCGGTATTGCGCAAAACCTCGCCCTATAAC

yafS_F

TGGGATTACGCAAACTTGTGCCGGTATTGCGCAAAACCTCGCCCTATAAC

yafS_R

TGGGATTACGCAAACTTGTGCCGGTATTGCGCAAAACCTCGCCCTATAAC

yafS

AGCCGGATGTTTACTCTGATGCGGCAGCTGGACTGGCTCTCTTTGTTGAA

yafS_F

AGCCGGATGTTTACTCTGATGCGGCAGCTGGACTGGCTCTCTTTGTTGAA

yafS_R

AGCCGGATGTTTACTCTGATGCGGCAGCTGGACTGGCTCTCTTTGTTGAA

451

501

461

471

511

521

481

531

491

541

yafS

TTTTGAAGTGCTACACGCCAGCCGTTTCCACGTTCTCCCGTGGAACAAAC

yafS_F

TTTTGAAGTGCTACACGCCAGCCGTTTCCACGTTCTCCCGTGGAACAAAC

yafS_R

TTTTGAAGTGCTACACGCCAGCCGTTTCCACGTTCTCCCGTGGAACAAAC

yafS

ACGGAGGAAAACTATTGAATGCGCATATTCCTGCGCTTGGTTGCTTACAA

yafS_F

ACGGAGGAAAACTATTGAATGCGCATATTCCTGCGCTTGGTTGCTTACAA

yafS_R

ACGGAGGAAAACTATTGAATGCGCATATTCCTGCGCTTGGTTGCTTACAA

551

601

561

571

611

621

581

631

591

641

yafS

CTTATTGTTGCCCGGAAACGGACTATTCCTTTAACGCTAAATCCGATGAA

yafS_F

CTTATTGTTGCCCGGAAACGGACTATTCCTTTAACGCTAAATCCGATGAA

yafS_R

CTTATTGTTGCCCGGAAACGGACTATTCCTTTAACGCTAAATCCGATGAA

yafS

ACAGAGTAAAAACAAGCCACGAATTCGCCAGGCGGTTGGAGCCACCCGGC

yafS_F

ACAGAGTAAAAACAA-----------------------------------

yafS_R

ACAGAGTAAAAACAAGCCACGAATTCGCCAGGCGGTTGGAGCCACCCGGC

651

701

661

711

671

681

691

721

yafS

AATGTCGTAAACCACAGGCTTAA

yafS_F

-----------------------

yafS_R

AATGTCGTAAACCACAGGCTCTCGAGCATCATCATCATCATCATTAACTGCAGC ----

6x histidine tag

Fig.2 Multiple sequence alignments among yafS_F (the sequencing result from M13-F
primer), yafS_R (the sequencing result from M13-R primer) and yafS gene sequence
from the GenBank databases. The restriction enzyme digestion sites (XbaI and PstI), 6x
histidine tag, and the duplicated site between two sequence products are indicated.

122

Appendices

Appendix 4.3: Nucleotide sequence comparison of yhr209w genes from the
site-directed mutation product and the one obtained from yeastgenome databases
1

11

21

31

41

M_209_F GTCTAGAAATGCCTAAAACTAGTTATTTAAACAAAAATTTTGAATCTGCTCACTATAA
M_209_R

--------------------------------------------------

yhr209w

ATGCCTAAAACTAGTTATTTAAACAAAAATTTTGAATCTGCTCACTATAA
51

61

71

81

91

M_209_F

TAACGTACGTCCCTCTTACCCTTTATCTTTAGTCAATGAGATAATGAAAT

M_209_R

--------------------------------------------------

yhr209w

TAACGTACGTCCCTCTTACCCTTTATCTTTAGTCAATGAGATAATGAAAT
101

111

121

131

141

M_209_F

TTCACAAAGGCACACGCAAAAGTTTGGTTGATATTGGATGTGGCACAGGA

M_209_R

--------------------------------------------------

yhr209w

TTCACAAAGGCACACGCAAAAGTTTGGTTGATATTGGATGTGGCACAGGA
151

161

171

181

191

M_209_F

AAAGCAACTTTTGTCGTTGAACCCTATTTTAAGGAAGTGATTGGGATTGA

M_209_R

--------------------------------------------------

yhr209w

AAAGCAACTTTTGTCGTTGAACCCTATTTTAAGGAAGTGATTGGGATTGA
201

211

221

231

241

M_209_F

TCCTTCTTCTGCTATGCTTTCGATTGCTGAGAAAGAAACAAATGAACGTA

M_209_R

--------------------------------------------------

yhr209w

TCCTTCTTCTGCTATGCTTTCGATTGCTGAGAAAGAAACAAATGAACGTA
251

261

271

281

291

M_209_F

GATTAGATAAAAAGATTAGATTTATTAATGCGCCTGGTGAAGATTTATCC

M_209_R

------------------------------------------ATTTATCC

yhr209w

GATTAGATAAAAAGATTAGATTTATTAATGCGCCTGGTGAAGATTTATCC
301

M_209_F

311

321

331

341

AGCATTCGACCAGAAAGTGTAGATATGGTTATTTCAGCAGAAGCCATCCA

M_209_R

AGCATTCGACCAGAAAGTGTAGATATGGTTATTTCAGCAGAAGCCATCCA

yhr209w

AGCATTCGACCAGAAAGTGTAGATATGGTTATTTCAGCAGAAGCCATCCA
351

361

371

381

391

M_209_F

TTGGTGCAATTTAGAAAGGCTGTTTCAGCAGGTTTCCTCTATATTACGAA

M_209_R

TTGGTGCAATTTAGAAAGGCTGTTTCAGCAGGTTTCCTCTATATTACGAA

yhr209w

TTGGTGCAATTTAGAAAGGCTGTTTCAGCAGGTTTCCTCTATATTACGAA

123

Appendices

401

411

421

431

441

M_209_F

GTGATGGAACTTTTGCATTCTGGTTTTATATTCAGCCGGAATTTGTGGAC

M_209_R

GTGATGGAACTTTTGCATTCTGGTTTTATATTCAGCCGGAATTTGTGGAC

yhr209w

GTGATGGAACTTTTGCATTCTGGTTTTATATTCAGCCGGAATTTGTGGAC
451

461

471

481

491

M_209_F

TTTCCCGAAGCCTTGAATGTATATTACAAATATGGATGGAGCAAGGATTA

M_209_R

TTTCCCGAAGCCTTGAATGTATATTACAAATATGGATGGAGCAAGGATTA

yhr209w

TTTCCCGAAGCCTTGAATGTATATTACAAATATGGATGGAGCAAGGATTA
501

511

521

531

541

M_209_F

TATGGGTAAATATCTGAACGACAACCAACGGGAAATTTTGTTGAATTACG

M_209_R

TATGGGTAAATATCTGAACGACAACCAACGGGAAATTTTGTTGAATTACG

yhr209w

TATGGGTAAATATCTGAACGACAACCAACGGGAAATTTTGTTGAATTACG
551

561

571

581

591

M_209_F

GTGGTGAAAAGCTACGTTCTTTATTGTCAGATCGATTTGGAGATATTGAA

M_209_R

GTGGTGAAAAGCTACGTTCTTTATTGTCAGATCGATTTGGAGATATTGAA

yhr209w

GTGGTGAAAAGCTACGTTCTTTATTGTCAGATCGATTTGGAGATATTGAA
601

611

621

631

641

M_209_F

GTCACAATTTACAGTCC---------------------------------

M_209_R

GTCACAATTTACAGTCCTTCGGACCCAAATGCATCAACAGTAACGGCTGA

yhr209w

GTCACAATTTACAGTCCTTCGGACCCAAATGCATCAACAGTAACGGCTGA
651

661

671

681

691

M_209_F

--------------------------------------------------

M_209_R

AAACAGTCAGTTTCTCTGGAGAGCAGCTATTACTCTCAATCAATTTAAAG

yhr209w

AAACAGTCAGTTTCTCTGGAGAGCAGCTATTACTCTCAATCAATTTAAAG
701

711

721

731

741

M_209_F

--------------------------------------------------

M_209_R

AGTTTGTGAAAAGCTGGAGCATATACACTTCTTGGGCTAGAGATAATCCC

yhr209w

AGTTTGTGAAAAGCTGGAGCATATACACTTCTTGGGCTAGAGATAATCCC
751

761

771

781

791

M_209_F

--------------------------------------------------

M_209_R

TCGAAACCGGATATTGCCGATATATTCATTAACGAGCTCAAAGAAATCTG

yhr209w

TCGAAACCGGATATTGCCGATATATTCATTAACGAGCTCAAAGAAATCTG
801

811

821

831

841

M_209_F

--------------------------------------------------

M_209_R

TCATTGTGAAGATTTGAATGTACCTTTAAAAATAGAGTGGTCAACGTTTT

yhr209w

TCATTGTGAAGATTTGAATGTACCTTTAAAAATAGAGTGGTCAACGTTTT
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851

861

871

M_209_F

------------------------- 6x histidine tag

M_209_R

ATTACTTATGTAGGAAAAGAGAACATCATCATCATCATCATTGACTGCAGC---

yhr209w

ATTACTTATGTAGGAAAAGAGAATGA

Fig.3 Multiple sequence alignments among M_209_F (the sequencing result from M13-F
primer), M_209_R (the sequencing result from M13-R primer) and yhr209w gene
sequence from the yeastgenome databases. The restriction enzyme digestion sites (XbaI
and PstI), 6x histidine tag, and the duplicated site between two sequence products are
indicated.
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